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Introduction




Hematopoiesis and T-cell development

The production of blood cells (hematopoiesis) is directed by a complex, yet organized
network of signals, which starts with the division of pluripotent hematopoietic stem
cells (HSCs) into lymphoid or myeloid progenitor cells [reviewed in (1)]. Supported and
directed by environmental stimuli, these progenitor cells can further differentiate into
functional blood cells of different lineages: i) myeloid progenitor cells can differentiate
into red blood cells (erythrocytes), platelets (thrombocytes) and a subset of white blood
cells (leukocytes) named granulocytes and monocytes, and ii) lymphoid progenitor cells
can differentiate into either B- or T-lymphocytes; the agranular leukocytes that play a
vital role in the human adaptive immune system.

Lymphoid progenitor cells can differentiate into mature T-cells trough the controlled, and
sequential or simultaneous activation of T-cell specific genes by stimuli from the thymic
microenvironment. In contrast, some genes become downregulated once the maturing
T-cell successfully passes a certain differentiation step. The T-cell developmental
stages within the thymus can be roughly divided into three major clusters: i) pre-T-cell
committed (multipotent) cells including early T-cell progenitor cells (ETP-cells), ii) T-cell
lineage committed cells that yet have to rearrange their T-cell receptor (TCR), and iii)
TCR-rearranged T-cells [reviewed in (2)]. Within these clusters, smaller T-cell subsets can
be distinguished based on the (co-)expression of specific cluster of differentiation (CD)
markers on surface of T-cells. After successful completion of all differentiation steps,
mature T-cells expressing either CD4 or CD8 leave the thymic medulla and migrate
back into the peripheral blood stream to fulfill their role as functional immune cells
[reviewed in (3)].

IL7R signaling in T-cell development

The graduate differentiation of intra-thymic T-cells is dependent on the presence and
activation of various surface receptors and specific transcription factor genes. One
of these surface receptors is the IL-7 receptor (IL7R), which can be activated by IL-7; a
supporting cytokine produced by the thymic microenvironment. Interaction between
IL-7 and the IL7Ra chain induces heterodimerization of the IL7Ra and yc chains,
subsequently activating downstream JAK-STAT and PI3K-AKT cellular signaling pathways.
These pathways (partially) facilitate the pro-survival phenotype of IL-7 activated cells by
upregulation of anti-apoptotic BCL2 [reviewed in (4)]. IL7R is upregulated after the ETP-
stage of T-cell development where its activation is vital for the proliferative expansion
of ‘early pro-T-cells’ (late cluster i) and the survival of TCR-rearranging T-cells (cluster
ii). In contrast, downregulation of IL7R in ETP-cells (early cluster i) and selected TCR-
rearranged T-cells (cluster iii) is important to negatively select multipotent cells, and
to allow differentiation towards functional and non-autoreactive CD4+ or CD8+ TCR-
rearranged T-cells respectively [reviewed in (5)]. The differences in IL7R expression at
consecutive T-cell maturation stages exemplify how surface receptors facilitate the
selection and differentiation of T-cells. In addition to IL7R signaling, T-cell development



mainly depends on the NOTCH- and TCR-regulated signaling programs at specific stages
of T-cell development.

Leukemogenesis and clinical characteristics

During cell differentiation and maturation, genetic errors can occur in developing
leukocytes. Intrinsic and extrinsic defense mechanisms usually repair these mistakes
or force defective cells into programmed cell death (apoptosis). Some mistakes
however are preserved and/or potentiate a fitness advantage. When erroneous (pre-
leukemic) leukocytes acquire the potential for uncontrolled cell growth and survival,
leukemia arises [reviewed in (6)]. Although the acquirement of these genetic hits seems
a matter of ‘bad luck’, it has become evident that inadequate (early) training of the
immune system and (delayed) exposure to common childhood infection(s) play a role
in leukemogenesis [reviewed in (7)].

Leukemia is the most common form of childhood cancer, accounting for nearly 28% of all
pediatric malignancies under the age of 19 in the Netherlands (Stichting Kinderoncologie
Nederland (SKION) 2003-2019 registration). Other pediatric malignancies include tumors
of the central nervous system (21,6%), lymphomas (11,9%), soft tissue tumors or
extraosseous sarcomas (6,6%), malignant bone tumors (5,7%), germ cell tumors (5,5%),
neuroblastomas (5,3%) and renal tumors (4,7%) (SKION 2003-2019). Leukemia can
originate from the lymphoid or myeloid leukocyte lineage (i.e. lymphoid leukemia versus
myeloid leukemia respectively). Moreover, its onset can be rapid or slowly progressing
(i.e. acute versus chronic leukemia respectively). Children predominantly present with
a fast and acute expansion of leukemic blasts, which in 80% of the cases arises from
the lymphoid lineage (acute lymphoblastic leukemia; ALL) (8). In 85% of pediatric ALL
patients, leukemia evolves from malignant B-cell precursor lymphocytes (BCP-ALL).
In the remaining 15%, ALL arises from the T-cell lineage and is therefore classified as
T-cell acute lymphoblastic leukemia (T-ALL) (6). In adults, leukemia is usually slowly
progressive, with chronic myeloid leukemia (CML) being the most common subtype.

Malignant expansion of ‘leukemic blasts’ in the bone marrow severely oppress the
production of healthy erythrocytes, leukocytes and thrombocytes, which causes
symptoms like fatigue, (opportunistic) infections and/or (small) hemorrhages of the
skin or gums. Additionally, dissemination of leukemic cells to extra-medullary sites can
cause enlargement of the liver and spleen (hepatosplenomegaly), mediastinum and
lymph nodes (lymphadenopathy), or can lead to leukemic infiltration in the central
nervous system (CNS), the testis and/or periosteum.

Treatment and prognosis of acute lymphoblastic leukemia

Cytostatic and cytotoxic drugs used in the Dutch Childhood Oncology Group (DCOG)
ALL-11 treatment protocol include microtubules-destabilizing agents (vincristine),
alkylating agents (cyclophosphamide), anthracyclines (doxorubicin, daunorubicin), anti-



metabolites (methotrexate), nucleoside analogues (6-mercaptopurine, thioguanine,
cytarabine) and synthetic steroids (prednisolone and dexamethasone). The ALL-11
protocol is divided into four major treatment phases over a course of at least 2 years.
The first (induction) phase starts with 7 days of systemic treatment with high-dose
prednisolone. The ‘prednisolone response’ (i.e. how many leukemic blasts are left in
the peripheral blood stream after 7 days of prednisolone treatment) is an important
prognostic parameter, since a ‘poor prednisolone response’ is associated with inferior
outcome (9, 10). Other critical risk-stratification markers include minimal residue
disease (MRD) at day 33 and 79 of treatment and CNS involvement. Based on these
risk-stratification markers, patients are assigned to the standard, medium or high-risk
treatment arm, whereas treatment in the remaining phases is most intensive in the high-
risk treatment arm. Although T-ALL patients represent only 15% of ALL patients, they
comprised nearly 50% of all patients treated on ALL-10 high-risk treatment regimens
(11). This disproportional distribution was likely caused by the high frequency of poor-
prednisolone responders in the T-ALL patient group and the high proportion of patients
with high MRD at day 79, which stratified patients to the high-risk arm (12, 13). In the
ALL-11 protocol, a poor-prednisolone response excludes enrollment in the standard risk
group and therefore still mandates for more intensive treatment with an associated
risk for treatment-related morbidity and mortality.

Over the last decades, improved treatment regimens and risk-stratification have
drastically improved the outcome of pediatric ALL patients to a 5-year overall survival
(OS) of 91% (11, 14). Unfortunately, the outcome for T-ALL patients only slightly
improved over the last two decades and is still inferior compared to the outcome of
BCP-ALL patients (5-year OS 81% versus 93% respectively) (14, 15). This means that one
out of five children with T-ALL still succumb due to relapsed or refractory disease. When
T-ALL relapses despite intensive treatment, the leukemia is usually extremely chemo-
resistant, resulting in a dismal outcome due to limited treatment options.Additional
research is required to understand why T-ALL patients have an inferior outcome, and
how treatment can be improved for this high-risk leukemic subgroup.

The role of aberrant IL7R signaling in T-cell acute lymphoblastic leukemia

T-ALL arises when genetic aberrations occur in genes involved in T-cell lineage-
commitment or differentiation, whereas two types of genetic aberrations can
be distinguished [reviewed in (16)]; ‘Type A genetic aberrations’ are driving and
predominantly mutually exclusive genetic events. These aberrations mainly involve
rearrangements and mutations of MEF2C, HOXA, TLX3, MYB, TLX1, NKX2.1/NKX2.2, TAL1
or LMO2 T-cell specific (onco)genes and facilitate a differentiation arrest at a specific
stage of T-cell development (17, 18). Based on distinctive gene expression profiles, these
aberrations delineate specific T-ALL subtypes: immature (ETP-ALL), TLX3, TLX1/NKX2 and
TAL/LMO subtypes. ‘Type B genetic aberrations’ are considered as supporting genetic
events that affect genes involved in cell cycle, self-renewal, TCR-signaling, differentiation
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and tyrosine kinase activation. These aberrations are not mutually exclusive, although
some type B events occur more frequently in specific subgroups (19). For example:
mutations in IL7Ra or downstream signaling molecules are predominantly found ETP-
and TLX3-rearranged T-ALL, and less commonly in mature T-ALL subtypes (20-22). The
combination of type A and B aberrations facilitate a differentiation arrest and survival
advantage of leukemic cells, leading to the malignant expansion of immature leukocytes.
The expansion of T-ALL cells can also be supported by cytokines, including IL-7 [reviewed
in (23)].

Over the last decade, multiple sequencing studies identified the most recurrent
‘type B’ genetic alterations in T-ALL (24-28). While mutations can be present in the
majority of leukemic cells (clonal mutations), some mutations only occur in a very small
percentage of the leukemic cells of a patient (subclonal mutations). Interestingly, the
presence of certain mutations at diagnosis and/or relapse predict for outcome and
chemo-sensitivity (29-32). In addition, some transcriptional abnormalities are related
to treatment resistance, including an impaired transcriptional upregulation of pro-
apoptotic BIM (a direct transcriptional target of the glucocorticoid receptor, which is
pivotal for steroid-induced cell death) and high BCL2 expression (a hallmark of ETP-ALL)
in steroid resistant T-ALL (33-37).

Recently, our group performed whole-genome sequencing followed by target-exome
sequencing in 146 pediatric T-ALL patients (30). This study identified that mutations in
the IL7R signaling pathway (i.e. mutations of the IL7Ra chain and downstream signaling
molecules like JAK1, JAK3, STAT5, AKT and RAS) were present in nearly 35% of T-ALL
patients. Importantly, the presence of these mutations correlated with inferior relapse-
free survival and steroid resistance. Of these mutations, RAS and /L7R mutations at
relapse predict for extremely poor outcome (31). Mutations of the IL7R signaling
pathway activate downstream JAK-STAT, PI3K-AKT and MAPK-ERK signaling pathways.
How these genetic aberrations or activation of (specific) downstream signaling pathways
contribute to steroid resistance in T-ALL is poorly understood. Additionally, physiological
activation of the IL7R by IL-7 can also activate these pathways and provoke steroid
resistance in T-ALL (38-40). The prognostic and therapeutic impact of aberrant IL7R
signaling in T-ALL warrants further elucidation of this signaling cascade to identify its
vulnerabilities for targeted therapy.

Outline of this manuscript

Physiological IL7R signaling is pivotal for the successful differentiation of healthy,
immature T-cells. However, aberrant activation of this pathway in leukemic T-cells
facilitates leukemogenesis and steroid resistance and contributes to the poor prognostic
phenotype of T-ALL. Therefore, this thesis focuses on the molecular mechanisms that
drive steroid resistance in IL7R signaling pathway mutated T-ALL patients. By dissecting
the IL7R signaling cascade, we study the contribution of each individual downstream
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signaling pathway to steroid resistance (Figure 1). By precisely unraveling the resistance
mechanisms of these paths, we aim to identify targets for targeted therapy, which
ultimately can improve current treatment strategies.

MUTANT-INDUCED IL7-INDUCED
IL7R SIGNALING IL7R SIGNALING
) IL7
- ; ™
JAKT AR
1 |
e STATS SIGNALING e
‘STATSB
e P31 AKT SIGNALING ~ e
AKT
e VIAPK-ERK SIGNALING
| RAS

Schematic overview of mutant- and IL7-induced IL7R signaling in T-ALL. Activating IL7R signal-
ing mutations (i.e. mutations of the IL7Ra chain and downstream signaling molecules like JAK1,
JAK3, STAT5, AKT and ERK) activate downstream STAT5, PI3K-AKT and MAPK-ERK cascades in
a ligand-independent fashion (19, 30). Additionally, IL7-induced signaling also activates these
downstream signaling pathways (37-39, and chapter 4 of this thesis).

This thesis starts by providing an extensive review on all novel treatment options for
T-ALL that are currently studied in a clinical or pre-clinical setting (chapter 2). This review
includes the possible application of non-contemporary chemotherapeutics (nelarabine),
immune-modulating strategies (monoclonal antibodies and CAR-T cells) and targeted
small molecule inhibitors (like JAK-, MEK- and AKT-inhibitors). The extensive number
of promising compounds and strategies immediately raise important questions: how
do we test all novel treatment options in a limited number of patients, which patient
would benefit more from drug A than drug B, and is the new drug more or less effective
in combination with other (contemporary) compounds? For T-ALL patients that harbor
mutations in the IL7R signaling pathway, we try to answer these and other questions
in the following chapters.

In chapter 3, we assess the role of deletions and mutations in NR3C1 in diagnostic T-ALL

patient samples. NR3C1 encodes for the glucocorticoid receptor, and its functionality is
essential for steroid-induced cell death. In this chapter, we observe a relation between
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NR3C1 aberrations and steroid resistance at disease diagnosis. Therefore, we studied
the causal role of these aberrations in steroid resistance in the REH cell line model
which lacks a functional NR3C1.

From chapter 4 and onwards, we focus on aberrant IL7R signaling and study how
mutations in this signaling pathway provoke steroid resistance. Chapter 4 uncovers the
yet unrecognized role of MAPK-ERK signaling in steroid-resistant T-ALL. We demonstrate
that mutant- or IL-7 activated MAPK-ERK signaling inactivate the pro-apoptotic molecule
BIM and explored the mechanism in which this leads to steroid resistance. This chapter
further elucidates the effectiveness of MEK-inhibitors and JAK1/2-inhbition to restore
steroid responsiveness in steroid resistant (and MAPK-ERK activated) leukemia. Based
on these results, we make important clinical recommendations for the application of
MEK-inhibitors to steroid treatment in current trials and future treatment regimens.

Since functional BIM inhibits the function of anti-apoptotic Bcl2- protein family
members BCL2, BCLXL and MCL1, we explore the role of these anti-apoptotic proteins
in steroid-resistant T-ALL in chapter 5. We specifically focus on the dynamic interplay
between these pro- and anti-apoptotic molecules, and observe that changes in this
balance affect steroid-induced cell death. Moreover, we study the effectiveness of
anti-apoptotic directed compounds (e.g. BH3-mimetics) compared to- and combined
with MEK-inhibitors to improve steroid sensitivity in T-ALL.

Thus far, ‘IL7-dependent’ steroid resistance has been attributed to activated JAK-
STATS signaling and subsequent upregulation of BCL2. Since IL-7 also induces PI3K-AKT
signaling (this introduction) and MAPK-ERK signaling (chapter 4) in T-ALL, we study
the specific contribution of active STAT5B signaling to steroid resistance in chapter 6.
This chapter controversially demonstrates that isolated activation of STAT5B does not
provoke steroid resistance, despite activation of various pro-survival or anti-apoptotic
molecules like PIM1, and BCL2 and BCLXL respectively. Moreover, we uncover a novel,
direct mechanism in which NR3C1 can influence the expression of STATS5 regulated
genes.

In chapter 7, we study the last of three signaling pathways downstream of the IL7R:
the PI3K-AKT pathway. When studying differences between wild type and mutant AKT
overexpressing cell lines, we demonstrate that the cellular localization and activation
mechanisms of AKT differ between both lines. Additionally, we demonstrate that these
differences reflect on AKT-inhibitor sensitivity and steroid responsiveness.

Last, we reviewed the literature on how multi-omics (the integration of genomic,
transcriptomic and proteomic approaches) can contribute to the precise clinical
application of novel inhibitors for T-ALL patients. Chapter 8 highlights that mutation-
based patient stratification is insufficient for future personalized medicine strategies.
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Importantly, this last chapter concludes how findings from pre-clinical research, as
presented in chapter 4 to 7, can be translated into clinical trials and future treatment
protocols to ultimately improve the outcome of pediatric T-ALL patients.

In chapter 9, the results and recommendations described in the previous chapters will

be discussed and summarized. In the appendices, a layman’s summary of the described
work in Dutch is provided.
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ABSTRACT

T-cell acute lymphoblastic leukemia (T-ALL) is an aggressive hematological malignancy
characterized by aberrant proliferation of immature thymocytes. Despite an overall
survival of 80% in the pediatric setting, 20% of T-ALL patients ultimately die from
relapsed or refractory disease. Therefore, there is an urgent need for novel therapies.
Molecular-genetic analyses and sequencing studies have led to the identification of
recurrent T-ALL genetic drivers. This review summarizes the main genetic drivers and
targetable lesions of T-ALL and gives a comprehensive overview of the novel treatments
for T-ALL patients that are currently under clinical investigation or that are emerging
from preclinical research.

SIGNIFICANCE

T-ALL is driven by oncogenic transcription factors that act along with secondary acquired
mutations. These lesions, together with active signaling pathways, may be targeted by
therapeutic agents. Bridging research and clinical practice can accelerate the testing
of novel treatments in clinical trials, offering an opportunity for patients with poor
outcome.

Keywords: T-ALL, targeted therapy, biomarkers, clinical trials

Abbreviations: T-ALL, T-cell acute lymphoblastic leukemia; OS, overall survival; MRD,
minimal residual disease; ETP, early thymocyte progenitor; CD, cluster of differentiation;
NGS, next-generation sequencing; IL7R, interleukin 7 receptor; GCR, glucocorticoid
receptor; TCR, T-cell receptor; 6MP, 6-mercaptopurine; CML, chronic myeloid leukemia;
CLL, chronic lymphoblastic leukemia; LBL, lymphoblastic lymphoma; Ph+, Philadelphia
positive; GSI, y-secretase inhibitor; BCP, B-cell precursor; MPN, myeloproliferative
neoplasm; GvHD, graft-vs-host disease; CDK, cyclin-dependent kinase; CNS, central
nervous system; NSG, NOD/Scid/IL2R-gamma null; CAR T, Chimeric antigen receptor
T-cell; AML, acute myeloid leukemia; MDS, myelodysplastic syndrome.
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INTRODUCTION

T-cell acute lymphoblastic leukemia (T-ALL) arises from the accumulation of genetic
lesions during T-cell development in the thymus, resulting in differentiation arrest
and aberrant proliferation of immature progenitors. T-ALL accounts for only 10-15%
of pediatric and up to 25% of adult ALL cases (1), with an overall survival (OS) of
80% in the pediatric setting that has been achieved using a risk-based stratification
towards intensive, multi-agent combination chemotherapeutic protocols (2). OS
rates for adult T-ALL patients are lower than 50% due to higher treatment-related
toxicities (1). Patients are assigned to standard, medium or high risk group based on
initial steroid response and minimal residual disease (MRD) after the first two courses
of chemotherapy (3, 4). The risk-based therapeutic regimen consists of steroids,
microtubules-destabilizing agents (vincristine), alkylating agents (cyclophosphamide),
anthracyclines (doxorubicin, daunorubicin), anti-metabolites (methotrexate, MTX),
nucleoside analogues (6-mercaptopurine, thioguanine, cytarabine), hydrolyzing
enzymes (L-asparaginase) and in some cases it is followed by stem cell transplantation.
Some of these conventional chemotherapeutics have a lymphoid lineage-specific effect
in ALL. In fact, lymphoblasts have low asparagine synthetase activity and thus they
are very sensitive to exogenous asparagine depletion by L-asparaginase. Moreover,
ALL blasts are susceptible to methotrexate treatment due to a higher accumulation of
MTX-polyglutamate metabolites that increases MTX intracellular retention and its anti-
leukemic effect in these cells (5). Risk-based intensification of the therapeutic regimen
has greatly improved the survival rate for pediatric (6) and young adult patients treated
on pediatric-based protocols (1). Nevertheless, still one out of five pediatric T-ALL
patients dies within five years after first diagnosis from relapsed disease and therapy
resistance (refractory disease) or from treatment-related mortalities, including toxicity
and infections. Therefore, further intensification of the treatment protocol does not
seem feasible for high risk patients (6) and there is an urgent need for implementation of
targeted therapies. Furthermore, molecular biomarkers, in addition to MRD detection,
could improve the upfront identification of high-risk patients and therefore guide the
treatment of these patients with an intensified chemotherapeutic regimen or, whenever
available, targeted agents. Unfortunately, such genetic biomarkers are not included in
the risk stratification of newly diagnosed T-ALL patients yet.

The clinical testing of targeted agents in the oncology field has dramatically increased
over the last years. Nevertheless, targeted treatment options for T-ALL patients
remain limited. In fact, unlike other leukemias such as CML and Philadelphia-positive
ALL (Ph*-ALL), which are kinase-driven malignancies, the initiating events in T-ALL
cause the ectopic expression of transcription factors (type A aberrations) that drive
leukemogenesis. However, the additional genetic lesions that are required for full
transformation into malignancy (the so-called type B mutations) potentially serve as
druggable vulnerabilities. Therefore, the thorough investigation of T-ALL oncogenic
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molecular pathways and their intricate RNA and protein signaling networks that sustain
proliferation and survival can offer opportunities for the implementation of personalized
targeted therapies (7). Potential limitations to the use of targeted drugs in pediatric
T-ALL include clonal heterogeneity of the disease, resulting in only partial elimination
of leukemia cells upon therapy. Therefore, resistant clones may be selected and
survive under the selective pressure of treatment (8, 9). Similar resistance mechanisms
have already been demonstrated for conventional chemotherapeutics such as the
glucocorticoids-selected NR3C1 mutations (10-12) and the 6-mercaptopurine (6MP)-
selected NT5C2 mutations in chemo-resistant relapsed ALL (11, 13). Already in 2017,
the Innovative Therapies for Children with Cancer (ITCC) consortium advised a change
in the setup of early phase pediatric clinical trials in order to accelerate the access of
interesting drugs to randomized trials (14). ITCC has proposed to extrapolate data from
adult clinical trials as starting point for first-in-child trial designs. Additionally, ITCC
suggested the addition of homogeneous expansion cohorts to assess pharmacodynamic
and pharmacokinetic parameters for the therapeutic agents tested and to detect early
signs of antitumor activities. Furthermore, it has become evident that molecular tumor
profiling is needed to study cancer heterogeneity, to understand therapy-induced
mutations and the insurgence of relapse (14). Table S1 offers an overview of current
clinical trials that investigate targeted agents for T-ALL. In the following paragraphs,
we summarize the main recurrent T-ALL oncogenic drivers and targetable genetic
lesions and highlight the most important preclinical and clinical evidence to implement
promising drugs in clinical trials for T-ALL patients. In particular, we discuss agents
that target activated pathways by specific genomic lesions in T-ALL and drugs already
approved for cancer treatment that are under clinical investigation for T-ALL patients.
Moreover, we briefly discuss novel therapeutic options for which promising pre-clinical
results were obtained in T-ALL models and that should be taken into consideration for
future research. The agents discussed here include modifiers of apoptosis, inhibitors of
transcriptional regulators, signal transduction, cell cycle and immunotherapies. Figure
1 offers a visual summary of the relevant targets and therapeutic agents described
throughout this review.

Oncogenic drivers and T-ALL subtypes

Historically, three main T-ALL differentiation stages were identified based on the
expression of cluster of differentiation (CD) markers on the cell surface and were
denoted as early/precortical, cortical and mature in analogy with the thymocytes
developmental stages (15). With the rapid development of (cyto)genetic technologies
and NGS in the last two decades, it was possible to identify genetic drivers that, in case
of T-ALL, are transcription factors that are ectopically activated due to chromosomal
rearrangements or deletions (reviewed in (7)).
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Figure 1. Targeted therapies to tackle T-ALL vulnerabilities. Oncogenic NOTCH1 signaling can
be inhibited via different strategies such as monoclonal antibodies blocking the NOTCH1 re-
ceptor itself (brontictuzumab), monoclonal antibodies blocking the ADAM10 metalloprotease
that releases extracellular NOTCH1, gamma secretase inhibitors (GSI) preventing the release
of intracellular ICN1, SERCA inhibitors that block the maturation of NOTCH1 and its localization
on the cell surface. Since NOTCH1-mutated T-ALL cases can present higher CXCR4 surface ex-
pression, CXCR4 antagonists (plerixafor, BL8040) can be used to tackle NOTCH1-driven T-ALL as
well. Imnmunotherapy approaches for T-ALL include monoclonal antibodies against surface CD38
(daratumumab, isatuximab) as well as CAR T-cells directed towards surface CD1, CD5, CD7 and
CD38. The increased expression of anti-apoptotic BH3 proteins such as BCL2 and BCLXL can be
counteracted by the use of BH3 mimetics (venetoclax, navitoclax and AZD5991). The oncogenic
signaling of ABL1-fusion proteins as well as aberrant activity of Src-family kinases can be inhibited
by the tyrosine kinase inhibitors imatinib and dasatinib. The aberrant IL7R signaling cascade can
be tackled using multiple targeted agents including JAK inhibitors (ruxolitinib), PIM1 inhibitors
(AZD-1208), PI3K inhibitors (buparlisib), AKT inhibitors (MK-2206), mTOR inhibitors (sirolimus,
everolimus, temsirolimus) and MEK inhibitors (selumetinib, trametinib). APR-246 can bind mutant
p53 and restore its wild-type, tumor suppressor function while MDM?2 inhibitors (idasanutlin,
NVP-HDM?201) can prevent wild-type p53 ubiquitination and consequent degradation via the pro-
teasome. Alternatively, tumor suppressor proteins degradation can be prevented by proteasome
inhibitors (bortezomib). Increased activity of cell cycle regulators CDK4/6 can be blocked by CDK
inhibitors (ribociclib, palbociclib) while aberrant transcription induced by BRD4 can be targeted
by BET inhibitors (OTX015). Nuclear trafficking of oncogenic mRNA and proteins can be targeted
via XPO1 inhibitors (selinexor).
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Initially using gene expression profiling (16, 17) which has been replaced by the
identification of recurrent genomic abnormalities via genome sequencing (18, 19),
T-ALL patients can be clustered in 4 main subtypes with characteristic oncogenic
aberrations, namely early thymocyte progenitor (ETP)/immature-ALL, TLX, TLX1/NKX2.1
(originally denoted as proliferative subgroup) and TAL/LMO. Figure 2 illustrates the main
features of each subtype. The ETP—ALL group includes the most immature T-ALL cases
(approximately 10% of the total T-ALL cases) that present a gene expression profile
similar to hematopoietic stem cells and myeloid progenitors, with a high expression
of self-renewal genes including LMO2, LYL1 and HHEX and the anti-apoptotic BCL2
(20). The mechanisms for high BCL2 expression in ETP-ALL are still poorly understood:
the expression of this anti-apoptotic protein could reflect a stem cell-like feature
of immature cells or it could be due to STAT5 activation downstream of recurrent
IL7 signaling pathway mutations within this subgroup (21, 22). ETP-ALL cases show
increased expression of the transcription factor MEF2C or genetic aberrations of MEF2C-
associated transcription regulators such as SPI1, RUNX1, ETV6-NCOA2 and NKX2.5 (16).
Interestingly, ETP-ALL blasts have higher mutational loads compared to blasts of other
T-ALL subtypes (21, 22). In particular, while NOTCH1 activating mutations and cell cycle
regulators CDKN2A/2B inactivating mutations are relatively rare in ETP-ALL, recurrent
activating aberrations involve kinase encoding genes, such as FLT3, NRAS, IL7R, JAK1
and JAK3 (21, 22). Additionally, recurrent 5q deletions result in deletion of the NR3C1
locus, encoding for the glucocorticoid receptor (GCR) (22, 23). Interestingly, recent
evidence demonstrated that reduced GCR expression can induce steroid resistance
in T-ALL (12). Some ETP-ALL cases present genomic aberrations that activate genes of
the HOXA locus. Such activating events have been correlated to chemo-resistance and
inferior outcome in adult ETP-ALL (24).

The TLX group includes immature cases that either lack a functional T-cell receptor
(TCR) or present a y/6 TCR, in line with early or y/6 T-cell lineage development (DN2
stage). A recent study suggests that patients with y/& T-ALL have higher MRD levels
after induction chemotherapy compared to other T-ALL cases (25). Common genetic
lesions within the TLX group include rearrangements of the transcription factor TLX3
(16, 17), mostly as consequence of recurrent TLX3-BCL11B translocations (26). These
aberrations result in haplo-insufficiency of the tumor suppressor BCL11B (27), which
is a crucial regulator of the a/p lineage commitment during differentiation. Moreover,
TLX3-rearranged T-ALL often have NOTCHI-activating mutations (28) and aberrations
in epigenetic regulators such as PHF6 and CTCF (18). Similar to various ETP-ALL cases,
some TLX patients harbor alternative HOXA driving events instead of TLX3-activating
lesions (16).

The common features of the TLX1/NKX2.1 T-ALL group are genomic rearrangements

involving either TLX1 or NKX2.1, CD1 expression and differentiation arrest at the
cortical (DN3-DP) stage of T-cell development. These cases present higher expression
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of genes involved in cell cycle regulation and progression, DNA duplication and spindle
assembly (16, 17). T-ALL cases with TLX1 or NKX2.1 aberrations have been associated
with excellent treatment outcomes (reviewed in (7)).
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Figure 2. Thymocytes developmental stages and T-ALL subtypes. Early thymocyte progeni-
tor (ETP)-ALL subtype is driven by aberrant MEF2C or HOXA gene expression, present frequent
mutations in the IL7 signaling cascade and shows higher BCL2 protein expression. Similarly to
hematopoietic progenitors, ETP-ALL blasts express stem cell markers such as CD34. The TLX
subgroup, driven by either TLX3 or HOXA activating events, often present NOTCH1 mutations
and, in some cases, expression of the y/8 T-cell receptor (TCR), in analogy to the pre-cortical y/6
T-cell progenitors (DN2 stage). The TLX1/NKX2.1 subgroup is driven by either NKX2.1 or TLX1
aberrations. TLX-rearranged cases can present the oncogenic NUP214-ABL1 fusion. The TAL/
LMO subgroup, driven by the expression of the oncogenes TAL1 and LMO2, includes the most
mature T-ALL cases. As for late cortical (SP) T-cell progenitors, TAL/LMO blasts express mature
T-cell surface markers such as CD4, CD8, CD3 and a/8 TCR and often present PTEN mutations.
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The TAL/LMO T-ALL subgroup comprises nearly half of all pediatric T-ALL patients and
it is characterized by ectopic expression of TAL1 (either via translocation or SIL-TAL1
deletion), TAL2, LYL1, LMO1, LMO2 or LMO3 (driven by TCRB or TCRAD rearrangements)
(16, 17). Immuno-phenotypes of TAL/LMO patients mostly resemble late cortical (CD4+
SP or CD8+ SP) T-cell development stages. PTEN mutations are most common in this
subgroup and have been associated with poor outcome (29). In addition, PIK3R1 or
PIK3CG activating lesions are frequent within this cluster (30, 31). Moreover, TALI-
rearranged cases often have mutations in the ubiquitin-specific protease USP7 that
regulates MDM2 and TP53 stability (18).

Current and novel possibilities for targeted therapy

In the following paragraphs, we will discuss various classes of drugs and biological
agents that provide novel strategies for targeted treatment. These are classified as
modifiers of apoptosis, inhibitors of transcription regulation, signal transduction, cell
cycle and immunotherapies

Modifiers of apoptosis

BH3 mimetics

Encouraged by significant responses of the BCL2 inhibitor venetoclax (ABT-199) in
chronic lymphatic leukemia (CLL) (32), BH3 mimetics became of great interest for the
treatment of various hematological malignancies. The sensitivity towards BH3 mimetics
can be determined by BH3 profiling, a functional screening method that determines
the ‘priming of death’ state in cells by measuring specific BCL2 family member (e.g.
BCL2, BCLXL and/or MCL1) dependencies (33). BH3 profiling of T-ALL cell lines and
patient blasts identified a dependency on BCL2 in ETP-ALL and BCLXL in the remaining
subtypes of T-ALL (34). Consequently, immature/ETP-ALL cells are most responsive
to venetoclax while other T-ALL subtypes are more sensitive to navitoclax (ABT-263)
treatment, respectively (34, 35). The BCL2/BCLW/BCLXL inhibitor navitoclax induces
significant cell death in both T-ALL and BCP-ALL PDX models (36), but it can induce severe
thrombocytopenia in vivo. First reports on pediatric and adult relapsed/refractory T-ALL
patients treated with venetoclax alone or combined with navitoclax showed promising
results (37, 38). However, various resistance mechanisms towards venetoclax treatment
have been reported in several hematological malignancies including T-ALL, such as
acquired BCL2 mutations, altered mitochondrial fitness or MCL1 upregulation (36,
39-41). Combination treatment of venetoclax with other BH3 mimetics or PI3K/AKT/
mTOR inhibitors significantly increases cell toxicity and overcomes venetoclax-induced
resistance (39, 40). The MCL1 inhibitor S63845 also induces efficient cell death in various
T-ALL cell lines as single treatment (39), therefore serving as an interesting alternative
to venetoclax, especially given the limited dependency on BCL2 in most T-ALL patients
(34). Measuring BCL2 family dependencies can enable guided application of different
BH3 mimetics for individualized medicine. In addition, the mitochondrial priming for
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apoptosis correlates with clinical responses in ALL and predicts for chemo-sensitivity,
empowering the use of BH3 profiling as a functional screen in pediatric leukemia (42).

Transcriptional regulator inhibitors

NOTCH1 inhibitors

Over 70% of T-ALL cases present NOTCHI1-activating mutations (gain-of-function) and
up to 25% of patients harbor mutations in the FBXW7 gene (18), which mediates the
proteasomal degradation of NOTCH1. Gamma-secretase inhibitors (GSI) have been
extensively studied as potential treatment for NOTCH1-activated tumors. Despite
promising pre-clinical results, GSI failed during clinical trials due to insufficient efficacy
(even in presence of NOTCH1 mutations) and excessive gastro-intestinal toxicity caused
by the concomitant inhibition of NOTCH2 in the gut epithelium (reviewed in (43)).
Preclinical data showed that simultaneous administration of corticosteroid can relieve
gastro-intestinal toxicity and enhance the GSI anti-tumor activity (44). Current clinical
trials are investigating whether combined GSI and dexamethasone administration
could be an effective therapeutic approach (NCT02518113, NCT01363817). As an
alternative strategy, Habets and co-workers showed a safe, selective GSI-targeting of
NOTCH1 signaling in T-ALL using a PSEN1 inhibitor (MRK-560) (45). While intestinal
epithelial cells express both PSEN1 and PSEN2 subunits of the y-secretase proteolytic
complex, T-ALL cells only express PSEN1. In vivo preclinical data showed that y-secretase
inhibition by MRK-560 has anti-leukemic activity without causing intestinal toxicity in
T-ALL patient-derived mouse xenografts, offering a promising alternative therapeutic
approach for NOTCH1-activated T-ALL cases (45). It is fair to question whether, despite
high prevalence of NOTCHI1 mutations in T-ALL, GSl is a valid strategy to efficiently and
safely target this mutant protein and the consequent altered transcriptional program.

Additional strategies to block aberrant NOTCH1 signaling include monoclonal antibodies
(46) or SERCA (sarco-endoplasmic reticulum Ca?- ATPase) inhibitors that blocks NOTCH1
protein maturation by preventing its localization on the cell membrane (47). Other
approaches to tackle oncogenic NOTCH1 involve the targeting of molecules that are
activated upon NOTCH1-induced signaling. For example, it has been reported that GSI-
resistant T-ALL cells express lower levels of the anti-apoptotic protein MCL1. Since MCL1
can counteract the inhibition of BCL2 and BCLXL, cells with lower MCL1 expression
are vulnerable to navitoclax treatment (48). At last, another emerging druggable
player within NOTCH1 oncogenic signaling is CXCR4 (CD184), the chemokine receptor
for CXCL12 that is released by stromal cells in the thymus. CXCR4 is upregulated in
NOTCH1-driven T-ALL and promotes survival and proliferation in the bone marrow niche
(reviewed in (49)). Therefore, CXCR4 antagonists, which are already largely used in the
clinic to promote stem cells mobilization into the bloodstream, could be repurposed as
therapeutic option for leukemic patients. In fact, the novel CXCR4 inhibitor BL8040 is
now in phase Il clinical trial for relapsed T-ALL/LBL patients (Table S1). Together these
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studies show that there is potential for targeting mutant NOTCH1 or its downstream
signaling.

BET inhibitors

Bromodomain (BRD)-containing proteins affect gene transcription via binding to
acetylated histones. Their functions include remodeling of the chromatin, modifying
histones and modulating transcription itself (50). The bromodomain and extraterminal
(BET) family of BRD-containing proteins consists of four members: BRD2, BRD3, BRD4
and the testis-specific BRDT. One of the first small molecules developed to selectively
inhibit BET proteins was JQ1 (50). In leukemia, BRD4-activity can drive aberrant MYC
expression. Since MYC is an important and direct NOTCH1-target gene (51), NOTCH1-
mutated T-ALL cases have increased MYC expression. In preclinical T-ALL models, JQ1
competes with BRD4, resulting in reduced MYC expression, decreased cell proliferation
and impaired tumor growth (52). Moreover, JQ1 treatment can synergize with vincristine
(53) and also with the BCL2 inhibitor venetoclax (54). Interestingly, T-ALL cells that
acquire resistance to y-secretase inhibitors remain responsive to BRD4 inhibition by
JQ1 (55), indicating that NOTCHI-mutated patients could benefit from BET inhibitor
treatment. In addition to MYC, JQ1 also lowers the transcription of another important
NOTCH1 target gene, the IL7 receptor (/L7R) (56). Moreover, another BRD4-dependent
transcription factor, ETS1 can cooperate with NOTCH1 during leukemogenesis. Since
Etsl deletion sensitizes T-ALL cells to GSI (57), targeting NOTCH1 transcriptional
cofactors could offer an alternative strategy to treat NOTCH1-driven T-ALL cases.

Cancer cells often use super-enhancer structures to restore and sustain oncogene
expression. Guo and colleagues (58) showed that JQ1-resistant leukemic cells can
restore MYC expression via enhancer remodeling. However, combined BET and CDK7
(transcriptional regulator) inhibition in JQ1-resistant cells effectively abrogates MYC
expression. Pharmacological targeting of CDK7 results in decreased enhancer activity
in T-ALL and epigenetic reprogramming, in particular for NOTCH1-related enhancers
that are not affected by GSI treatment (59). CDK7 inhibition also effectively disrupts
the TAL1 super-enhancer (60), highlighting that disruption of oncogenic transcription
complexes may be an effective approach for T-ALL treatment when direct targeting
of mutant genes, proteins or pathways is not possible. Therefore, the investigation of
the epigenetic state of leukemia cells can provide additional insights to guide the use
of targeted treatments. Despite promising results in preclinical models, JQ1 has a very
short half-life that limits its applicability as therapeutic agent in vivo. Nevertheless,
several novel BET inhibitors have been developed by multiple companies and they
are currently under investigation in oncology trials, highlighting the great interest in
these epigenetic drugs and their potential application (61) . Among these novel agents,
OTX015 was proven effective in preclinical leukemia models (62).
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Signal transduction inhibitors

ABL1 / Src-family kinases inhibitors

Differently from B-ALL cases, T-ALL patients with ABL1 fusions are rare (18, 63). The
most common ABL1 aberration in T-ALL is the NUP214-ABL1 fusion due to an episomal
amplification of the 9934 region, which was one of the few discovered T-ALL lesions that
can be directly targeted by a kinase inhibitor (63). Usually, NUP214-ABL1 rearrangements
are particularly present at the sub-clonal level (64). Novel ZBTB16-ABL1 and ZMIZ1-ABL1
fusions have been identified in rare T-ALL cases ((65) and unpublished observations),
resulting in sensitivity towards imatinib and dasatinib treatment in preclinical models
(65). Interestingly, in 2017, Bourquin and colleagues identified a subgroup of T-ALL
patients that are highly sensitive to dasatinib treatment in vitro despite the absence of
ABL1 aberrations, suggesting a role for SRC kinase as putative novel target for therapy
(66). Other studies proposed the lymphocytic specific kinase LCK, which is often highly
expressed in T-ALL, as prime dasatinib target in T-ALL (67, 68). Based on these pre-clinical
data, patients presenting high SRC phosphorylation and/or increased LCK expression
could potentially benefit from dasatinib treatment. Therefore, in addition to genomic
analyses, further investigation of the phospho-proteome could highlight aberrantly
activated proteins (7) that could serve as biomarkers for dasatinib responsiveness when
ABL1 abnormalities are not present.

JAK inhibitors

JAK-STAT pathway activation in T-ALL is mainly observed in the context of IL7-induced
signaling or caused by activating mutations in the IL7R gene or in genes encoding
downstream effectors (e.g. JAK1, JAK3 or STAT5) that are recurrently found at diagnosis
(18, 21, 69). Active JAK-STAT signaling leads to the upregulation of various anti-
apoptotic and pro-survival proteins including BCL2 and PIM1 and contributes to steroid
resistance (21, 70, 71). Ruxolitinib, an FDA-approved JAK1/2-inhibitor for the treatment
of myeloproliferative neoplasms (MPNs) and graft-versus-host disease (GvHD) blocks
JAK-STAT signaling regardless of the presence of mutations (72). In T-ALL, ruxolitinib
shows efficacy in IL7-responsive T-ALL and ETP-ALL (69). Ruxolitinib treatment can
synergize with dexamethasone treatment to overcome IL7-induced steroid resistance
in both T-ALL and ETP-ALL patients. Multiple trials are under way to test the efficacy of
ruxolitinib for JAK-mutated T-ALL (Table S1) or Philadelphia-like BCP-ALL with CRLF2-
rearrangements and/or JAK mutations (NCT2723994, NCT03117751 and NCT02420717),
despite the fact that the clinical responses to ruxolitinib in MPNs seem rather limited
(73). This indicates that the role of JAK inhibitors should be carefully considered in future
treatment regimens of T-ALL.

PIM1 inhibitors

When exploring alternative treatment options for aberrant JAK-STAT signaling, PIM1
was identified as a direct STATS transcriptional target gene that is also upregulated by
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physiological IL7-induced signaling (71, 74, 75). Expression of the pro-survival PIM1
kinase is mainly observed in pre-cortical T-ALL, with the highest expression in the TLX
and ETP-ALL subtypes (71, 74, 76, 77). This is in agreement with the higher occurrence
of activating mutations in the IL7R signaling pathway in these T-ALL subtypes, including
JAK1/3 and STAT5B mutations (3, 18, 21, 22). PIM1 inhibition has proven efficacy in T-ALL
using in vitro and in vivo models, with an increased effect observed for ETP-ALL blasts
(74, 77). Both phospho-STAT5 and PIM1 expression levels can be used as a predictive
biomarker for response to JAK inhibitors (74). PIM1 inhibition paradoxically results in
enhanced MAPK-ERK signaling, and may explain the observed synergy of combined
PIM1 and MEK inhibitors treatment (74, 78). Additionally, synergistic effects of PIM1
inhibitors in combination with venetoclax or dexamethasone have been observed
(77, 79) indicating that PIM1 could be a valuable therapeutic target to counteract
unfavorable hallmarks of immature /ETP-ALL cases such as high BCL2 expression and
steroid resistance.

PI3BK-AKT-mTOR inhibitors

High PI3K-AKT-mTOR signaling is frequently observed in T-ALL and can be caused by
a variety of cellular events, including activating mutations in PI3K or AKT, inactivating
lesions in the tumor suppressor gene PTEN or by post-translational modification of
these molecules (21, 30, 31, 80). PTEN inactivating events are predominantly observed
in T-ALL patients that belong to the TAL/LMO subtype. PTEN loss is associated with poor
prognosis in T-ALL, resulting in higher risk of disease relapse (29, 30, 80, 81). Additionally,
IL7R-signaling mutations that frequently occur in ETP-ALL and TLX subtypes also activate
the downstream PI3K-AKT pathway and correlate with steroid resistance and inferior
event-free survival (3, 21). Pan-PI3K inhibitors have shown higher efficacy in inhibiting
cell growth and survival of T-ALL cell lines compared to inhibitors that target only
specific catalytic subunit(s) of PI3K (82). Preclinical in vitro studies demonstrate synergy
between PI3K-inhibitors and several chemotherapeutic agents including doxorubicin,
nelarabine and glucocorticoids (21, 83, 84). Moreover, dual PI3K/mTOR inhibitors seem
to be even more effective and also synergize with a wide range of chemotherapeutics
(84-87).

The effects of first generation allosteric mTOR inhibitors rapamycin (sirolimus) and
rapalogues RAD0OO01 (everolimus) and CCI-779 (temsirolimus) have been largely
investigated in T-ALL (85, 88, 89). These inhibitors only target mTORC1 and can
paradoxically activate AKT via PI3K-mTORC2 in some cell types (reviewed in (90)). Second
generation ATP-competitive dual mTORC1/mTORC2 inhibitors are more efficient in
inducing apoptosis in T-ALL blasts since they also interfere with more downstream PI3K-
AKT-mTOR signaling effectors, including a strong inhibition of 4EBP1 phosphorylation
(91). The stronger cytotoxic effects and broad PI3K-AKT pathway regulation of dual-
inhibitors (e.g. PI3K/mTOR and mTORC1/mTORC2 inhibitors) compared to PI3K- or
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mTORC1-only inhibitors provides evidence that dual inhibitors are more suitable for
future clinical trials (90, 92).

Alternatively, the oncogenic signaling of the PI3K-AKT-mTOR axis can also be targeted
by direct AKT inhibition. The allosteric AKT inhibitor MK-2206 inhibits AKT and impairs
downstream activation of mMTORC1, mTORC2, GSK3 and FOXO in various T-ALL cell lines
(93). Additionally, MK-2206 synergizes with steroids in primary T-ALL patient samples
(21, 93). ATP-competitive AKT inhibitors like AZD5363 also demonstrate cytotoxic effect
against T-ALL cells in vitro (94).

MEK inhibitors

The presence of mutations in N- and K-RAS genes at diagnosis, which strongly activate
the MAPK-ERK signaling, predicts for inferior outcome in both BCP- and T-ALL patients
(81, 95-97). Additionally, a high prevalence of these mutations in ALL patients is found
at relapse (10). Although not significantly enriched in relapsed T-ALL, the presence of
RAS mutations in relapsed pediatric T-ALL patients predicts for extremely poor outcome
(98). MAPK-ERK activating mutations, which may be selected under the pressure of
treatment, can contribute to steroid resistance (3, 21, 99). MEK inhibitors induce cell
death in RAS-mutant cells and synergize with glucocorticoids in primary T-ALL patient
cells and in vivo BCP-ALL models (21, 96, 100, 101). These findings led to the ongoing
SeluDex trial that combines the MEK inhibitor selumetinib with dexamethasone for
the treatment of relapsed adult and pediatric BCP- and T-ALL patients (NCT03705507;
Table S1). As IL7R and JAK1 signaling mutations strongly activate downstream MEK-ERK
signaling, in addition to the JAK-STAT and PI3K-AKT pathways, and strongly provoke
steroid resistance in T-ALL (21), patients having such IL7R signaling mutations should
also become eligible for selumetinib treatment.

Cell cycle inhibitors

CDK inhibitors

More than 70% of T-ALL cases downregulate CDKN2A/B (18), negative regulators of
cyclin-dependent kinases (CDK) 4/6, either via recurrent gene deletions, sporadic
mutations or promoter hypermethylation (102). Therefore, the CDK4/6 inhibitors
palbociclib and ribociclib could be potential therapeutic options for T-ALL patients.
Palbociclib induces cell cycle arrest in T-ALL cells and can suppress leukemia progression
in animal models (103). Moreover, another preclinical study proved that the CDK4/6
inhibitor ribociclib can act synergistically with glucocorticoids and mTOR inhibitors in
both T-ALL cell lines and murine models (89). Current phase | clinical trials for relapsed/
refractory pediatric ALL (Table S1) are investigating the tolerability of the combination
of ribociclib with everolimus and dexamethasone (NCT03740334) or the addition of
palbociclib to the standard re-induction chemotherapeutic regimen (NCT03792256).
Other aberrations involving cell cycle regulators include overexpression of the NOTCH1
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target Cyclin D3, and CDK6 (18, 19, 21, 65, 98). Moreover, deletions of CDKN1B (p27¢™),
which is a negative regulator of Cyclin E-CDK2 complex, have been reported in about
13% of T-ALL patients (18). Therefore, inhibitors targeting CDK2 might be of interest for
the treatment of T-ALL as well. In 2017, Moharram and colleagues reported the efficacy
of the CDK1/2/5/9 inhibitor dinaciclib in preclinical T-ALL models (104). Despite the
promising results, a clinical trial had already showed only transient effect of dinaciclib
treatment for adult leukemia patients (105).

Nelarabine

Active cell cycle may increase the sensitivity to nucleoside analogues treatment.
Nelarabine is a purine nucleoside analogue that inhibits DNA synthesis and showed
higher efficacy in T-ALL compared to other malignancies. Whether this is an exclusive
T-ALL effect still remains debatable. Nevertheless, T-lymphoblasts show higher
accumulation of nelarabine active metabolite ara-G with consequent increased
cytotoxicity compared to other hematopoietic cells (106), making T-ALL cells more
susceptible to this treatment. At the moment, it is the only novel drug approved for the
treatment of relapsed T-ALL/LBL cases. As single agent for relapsed or refractory T-ALL
in children and young adults, nelarabine had a response rate of over 50% (107). In adults
these response rates were somewhat lower (36% achieved complete remission), but
they still provided encouraging results for relapsed cases by inducing clinical remissions
that facilitated access to stem cell transplantation (108). However, nelarabine treatment
can have significant neurologic side effects depending on other central nervous
system-directed therapy, in particular in children older than 10 years of age (109). The
results of nelarabine safety and efficacy trials in T-cell acute lymphoblastic leukemia/
lymphoma patients highlight considerable single agent activity in the relapse setting
that facilitates disease control. Moreover, nelarabine can be combined with other drugs
with non-overlapping toxicities. The Children’s Oncology Group recently published the
results of a randomized phase Ill trial investigating the addition of nelarabine to the
chemotherapeutic treatment for newly diagnosed pediatric and young adult T-ALL
patients. The increased disease free-survival rate as well as the decreased CNS relapse
incidence without excessive toxicity, supports the inclusion of nelarabine into frontline
therapy for pediatric T-ALL, especially for high-risk cases (110).

Drugs targeting mutant p53

Mutations that inactivate p53 are rare in T-ALL patients at diagnosis (1-6%) but show an
increased incidence at relapse and correlate with poor prognosis (18, 98). A recent study
showed that p53-mutant sub-clones that were detected at first relapse can give rise to
clonal p53 mutations detectable in post-stem cell transplantation relapses. Furthermore,
in these patients, p53 mutations correlated with an extremely short time-to-relapse
(111). Various re-activators of mutant p53 that induce restoration of the wild-type
conformation are in preclinical investigation (112). Interestingly, leukemic blasts from
a T-ALL patient who relapsed after stem cell transplantation, showed sensitivity ex vivo
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to the p53 re-activator APR-246 (111). APR-246 already showed promising results for
p53-mutant patients affected by other hematological malignancies (NCT00900614) and
could be a suitable option for T-ALL patients that relapse after stem cell transplantation
and present with p53 mutations.

Drugs targeting wild-type p53

P53 signaling pathway can be impaired despite the presence of wild-type p53 by
overexpression of physiological p53 inhibitors such as MDM2 or MDM4. In fact,
p53 activity can be restored by targeting the E3 ubiquitin-ligase MDM2. The MDM2
antagonist idasanutlin disrupts the MDMZ2-p53 interaction and prevents p53
degradation. Currently, idasanutlin has reached phase I/l clinical trial investigation for
pediatric ALL (NCT04029688). Furthermore, another MDM2 inhibitor, NVP-HDM201,
is currently investigated in a phase I/l clinical trial for wild-type p53 tumors, including
relapsed ALL (NCT02143635). Lastly, the MDM2/MDM4 stapled peptide ALRN-6924 has
reached clinical investigation in pediatric patients with relapsed ALL (NCT03654716).

Immunotherapies

Antibody-based therapy

Monoclonal antibodies can be applied in immunotherapies and have entered various
trials for T-cell ymphoma (reviewed and summarized in (113)). Surprisingly, only a few
have been considered in the treatment of ALL such as anti-CD38 antibodies. CD38
is a transmembrane receptor that is expressed on subsets of myeloid, lymphoid and
some non-hematological cells. The anti-CD38 monoclonal antibody daratumumab was
initially developed for multiple myeloma and was approved by the FDA in 2015 and
the EMA in 2016 as a single agent for relapsed/refractory multiple myeloma patients.
CD38 is also a promising target for T-ALL as it is robustly and consistently expressed on
T-ALL and ETP-ALL blasts at diagnosis, during chemotherapy treatment, and at relapse
(114). Moreover, daratumumab displayed great efficacy in 14 out of 15 patient-derived
xenograft models in NOD/Scid/IL2R-gamma null (NSG) mice (114). Of note, the cytotoxic
efficacy of daratumumab in NSG mice—that do not have B, T, NK cells, and complement
factors—seems therefore independent of T-cell mediated or complement-dependent
cytotoxicity. CD38 expression on regulatory B and T-cells as well as on myeloid
suppressor cells results in their depletion by daratumumab, which could boost anti-
tumor responses (115). Clinical trials will reveal whether daratumumab has an even
higher efficacy than that observed in NSG mice, as both T-cell mediated toxicity and
repression of regulatory cells will be active in T-ALL patients. Recently, daratumumab
has been successfully administered for compassionate use to three CD38-positive ALL
patients who experienced multiple relapses, with one patient that relapsed after an
allogeneic stem cell transplantation (116). Two patients had T-ALL while the third had
a CD19/CD22-negative pre B-ALL and all three achieved an MRD-negative remission
after daratumumab treatment. Trials combining daratumumab treatment with standard
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chemotherapy for pediatric and young adult ALL patients are in phase Il (NCT03384654;
EudraCT 2017-003377-34). Another anti-CD38 monoclonal antibody that is under clinical
investigation is isatuximab. An isatuximab trial for adult T-ALL patients in the USA was
closed prematurely due to lack of response, while the NCT03860844 trial for pediatric
patients with refractory/relapsed acute leukemia is still ongoing.

Pre-clinical evidences suggest that TCR-expressing T-ALL blasts can be targeted by anti-
CD3 antibodies. In fact, the activation of persistent TCR signaling induced by antibodies
engaging CD3, leads to cell death in vitro and in vivo (117), suggesting a novel targeted
therapeutic option for T-ALL cases that present TCR expression.

Cellular therapy

Genetically engineered autologous chimeric antigen receptor T-cells (CAR T) have
been used successfully as therapy for various malignancies including relapsed ALL.
An extensive review recently addressed the challenges and potential solutions for
the use of CAR T-cells in T-cell malignancies and lists all currently ongoing trials (118).
Initially, the challenge to harvest sufficient mature T-cells from patients with T-cell
malignancies without any lymphoblast contamination hampered the development
of CAR T-cells against T-ALL/LBL. Most of the CAR T therapies developed so far are
dependent on harvesting sufficient autologous and healthy T-cells from a single
patient. The production of allogenic CAR T-cells would eliminate this challenge by using
genetically modified T-cells from a healthy donor (reviewed in (119)). Additionally, the
fratricide effect — the paradigm that CAR T-cells share the same surface markers with
their malignant T-cell targets — would rapidly self-extinguish the CAR T-cells. After the
first approval of the anti-CD19 CAR T for the treatment of pediatric relapsed B-ALL
patients, many different surface proteins have been investigated for the development
of novel CAR T therapies directed towards T-cell malignancies, including CD5, CD7, CD1
and CD38. One of the advantages of anti-CD5 CAR T-cells is the rapid internalization of
CD5 from their cell surface, resulting in a limited and transient fratricide effect (120).
Nevertheless, the internalization of CD5 can happen on blasts as well, offering an
escape mechanism for leukemia cells that needs to be taken into account. Currently,
a phase | anti-CD5 CAR T-cell trial is ongoing for patients with CD5-positive T-ALL or
T-cell ymphoma (NCT03081910). As CD5 is expressed on most T-ALL subtypes while it
is absent or expressed at low levels on ETP-ALL cells, there is need for additional CAR
T-cells that can target ETP-ALL as well. CD7 is a promising target on T-lymphoblasts
but is also highly expressed on effector T-cells. To minimize the fratricide effect, the
CRISPR-Cas9 gene editing technology has been used to remove the endogenous CD7
gene from these CAR T cells (121). A clinical trial using these modified anti-CD7 CAR
T-cells for treating CD7-positive T-ALL/LBL has been designed (NCT03690011). However,
since CD7 is expressed on all thymocytes and T-cells, patients receiving CD7 CAR T-cell
treatment risk a lifelong T-cell depletion and immunodeficiency that might impair a
broad use in the clinic. In order to avoid such side effects and to regulate the activity
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of these cellular therapies, some CARs have been designed to express an inducible
suicide gene (e.g. caspase 9) that can be selectively activated upon administration of a
small molecule (reviewed in (122)). As an alternative strategy to target CD7, a second
generation, fratricide-resistant anti-CD7 CAR T-cells have been developed using T cells
from healthy donors (UCART7) (123). These CAR T-cells have been genetically altered
to be not only CD7 deficient, but also to lack the TCRAD gene to eliminate the risk for
an allogenic CAR T-cell mediated graft-versus-host disease (GvHD). Of note, such an
allogenic product can be immediately available for treatment of multiple patients as
an “off-the-shelf” product. Promising results on the use of another allogeneic anti-
CD7 CART cells have been recently presented at the American Association for Cancer
Research virtual meeting in April 2020. Dr X. Wang reported the preliminary exciting
data on the efficacy of a single infusion of TruUCAR™ GC027 (Gracell Biotechnologies)
after 6 days of lympho-depleting chemotherapy in 5 adult refractory/relapsed T-ALL
patients enrolled in a phase | clinical trial in China (ChiCTR1900025311). Four patients
achieved complete response at day 28 with manageable cytokine release syndrome and
absence of neurotoxicities and GvHD, while one patient that had received the lowest
CAR T dose relapsed. Three out of four patients remained in complete remission at
day 161 of follow-up. Future evaluations will investigate the duration of the remissions
induced by this treatment (124).

CD1a is another promising target for refractory or relapsed cortical T-ALL (125).
Moreover, CD1a is only expressed during the proliferative phase of thymocyte
development and not on immature progenitor cells or mature T-cells, limiting the
risk of complete immunodeficiency after treatment. Recently, the development of
fratricide-resistant anti-CD1a CAR T-cells for the treatment of CD1a-positive T-ALL has
been reported (125). However, since CD1-positive cortical T-ALL patients have been
associated with excellent outcomes, it is not known what percentage of relapsed T-ALL
patients will express CD1 and thus benefit from such a CAR T therapy.

As discussed in the previous session, CD38 is widely expressed on T-lymphoblasts,
thus the development of anti-CD38 CAR T has also been pursued (126). Recently, the
treatment of a relapsed adult B-ALL patient was reported with the occurrence of serious
side effects including cytokine release syndrome and damage to lung and liver tissues
that also express the CD38 antigen (127). Therefore, caution and accurate target choices
are warranted to extend the repertoire of safe and effective CAR T-cell treatments.

Other promising targeted treatments in development

Oncology drug development is constantly growing, and several potential novel
candidates have been recently put into the spotlight. New potentially promising
compounds that should be kept in consideration for upcoming studies will be discussed
below.
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OBI-3424 is a first-in-class targeted treatment for liquid and solid tumors that
overexpress the Aldo-Keto Reductase 1 ¢3 (AKR1C3) enzyme such as castrate-resistant
prostate cancer and hepatocellular carcinoma. AKR1C3 is also expressed in T-ALL, with
the exclusion of TLX1/3-rearranged cases (128). OBI-3424 is a pro-drug that releases a
potent DNA-alkylating component upon intracellular reduction by AKR1C3. This agent
has shown promising cytotoxic activity in T-ALL cell lines and patient-derived xenografts
that express AKR1C3 (128). In September 2017, OBI-3424 received FDA orphan drug
designation for AKR1C3-expressing tumors including ALL, and it is currently investigated
in a phase /1l clinical trial for solid tumors (NCT03592264).

Selinexor (KPT-330) is a selective inhibitor of Exportin-1 (XPO1) which has recently been
approved in combination with dexamethasone for the treatment of refractory/relapsed
multiple myeloma. XPO1 is the key player in nuclear export of receptors (e.g. NR3C1),
tumor suppressor proteins (e.g. p53 and pRB) but also oncogenic mRNAs transcribed
from MDM2, BCL2 and MYC, which will be retained in the nucleus upon XPO1 inhibition.
Selinexor treatment is currently investigated in a phase | clinical trial for relapsed
pediatric acute leukemia (NCT02091245). Furthermore, the second generation XPO1
inhibitor, eltanexor (KPT-8602) can induce cytotoxicity and apoptosis in ALL models and
can enhance the efficacy of dexamethasone treatment (129).

Histone deacetylases (HDAC) are key enzymes in chromatin remodeling and epigenetic
gene regulation. HDACs are frequently overexpressed in cancer, including T-ALL. T-ALL
patient samples demonstrate higher HDAC1 and HDAC4 but lower HDACS levels
compared to B-ALL (130). The pan-HDAC inhibitor panobinostat has shown anti-leukemic
activity in T-ALL preclinical models (131) and it is under clinical investigation for relapsed
acute leukemia (Table S1). The same applies for vorinostat, which is already approved
for the treatment of refractory/relapsed cutaneous T-cell lymphoma.

Additional epigenetic regulators that can be pharmacologically targeted are DNA
methyltransferases. DNA methyltransferase inhibitors decitabine and azacitidine induce
chromatin hypomethylation with a consequent alteration in gene transcription. They
have been approved for the treatment of myelodysplastic syndromes and they are
currently investigated in early phase clinical trials for pediatric ALL patients (Table
S1). In 2016, Lu and colleagues showed that decitabine pre-treatment enhanced
chemo-sensitivity of preclinical models of ETP-ALL (132). One year later, the successful
treatment of a relapsed adult ETP-ALL patient with decitabine was reported (133),
therefore offering a promising opportunity for salvage therapy of ETP-ALL cases.

An alternative way to target oncogenic signaling pathways is by tackling protein stability
or degradation. Cancer cells become addicted to the rapid elimination of tumor
suppressor proteins or may require higher protein turnover to sustain their metabolism.
Therefore, processes involved in protein degradation can provide leukemia-specific
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vulnerabilities that can be effectively targeted. Bortezomib, a first-in-class proteasome
inhibitor, is approved for the treatment of refractory multiple myeloma. It inhibits the
26S subunit of the proteasome, impairing protein degradation that results in cell cycle
arrest and eventually apoptosis. A recent report of the Children’s Oncology Group
highlights the safety of bortezomib during re-induction chemotherapy for pediatric
relapsed ALL, and provided encouraging results for T-ALL, with an increase in patients
achieving complete remission (134). Another way of altering protein stability and activity
is through inhibition of the Nedd8-activating enzyme (NAE). NAE is an ubiquitin-like
(UBL) protein that regulates the activity and the protein-protein interactions of NF-kB
and cullins, which are essential cell cycle regulators (135). Preclinical data showed that
the NAE inhibitor pevonedistat (MLN4924) can induce cell cycle arrest and apoptosis
in T-ALL models (135). Both bortezomib and pevonedistat are currently under clinical
investigation for ALL patients (Table S1).

Aurora kinases (AURK) are mitotic regulators often overexpressed in cancer, including
pediatric ALL (136). AURKA inhibitor alisertib (MLN8237) had shown promising results
for both ALL and lymphoma cells in vitro (137). Unfortunately, a phase Il clinical trial
from the Children’s Oncology Group reported objective response after alisertib single
agent treatment in less than 5% of the pediatric patients with recurrent/refractory
advanced solid tumor or acute leukemia (138). Recent evidence elucidates a role for
AURKB in inhibiting proteasomal degradation of MYC, thus stabilizing this oncogenic
protein (139). In vitro treatment of T-ALL cells with the AURKB inhibitor barasertib
(AZD1152) leads to reduced MYC protein levels (139) and enhanced cell death (139,
140). Furthermore, AZD1152 can act in synergy with vincristine (139).

CONCLUSIONS

The outcome for children diagnosed with T-ALL has dramatically improved in the last
decades. Nevertheless, therapy resistance, disease relapse, treatment-related death
and long-term detrimental side effects for cancer survivors remain serious issues to
be solved. Additionally, the lack of predictive biomarkers at diagnosis remain an unmet
need for T-ALL patients. In this review, we presented an overview of the current state
of drug development and ongoing clinical trials that are of interest for the T-ALL field,
integrating preclinical evidence and clinical data. Several molecular tumor profiling
protocols have been initiated in Europe (e.g. MOSCATO-01, iTHER, ESMART) (141) to
identify actionable lesions for targeted treatment in specific subgroups of patients.
This highlights the importance of bridging preclinical research with clinical practice to
accelerate the use of promising novel drugs in effective new treatment combinations
for T-ALL patients.
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ABSTRACT

The glucocorticoid receptor NR3C1 is essential for steroid-induced apoptosis, and
deletions of this gene have been recurrently identified at disease relapse for acute
lymphoblastic leukemia (ALL) patients. Here, we demonstrate that recurrent NR3C1
inactivating aberrations —including deletions, missense- and nonsense mutations —are
identified in 7% of pediatric T-ALL patients at diagnosis. These aberrations are frequently
present in early thymic progenitor (ETP)-ALL patients and relate to steroid resistance.
Functional modelling of NR3C1 aberrations in preB-ALL and T-ALL cell lines demonstrate
that aberrations decreasing NR3C1 expression are important contributors to steroid
resistance at disease diagnosis. Relative NR3C1 mRNA expression in primary diagnostic
patient samples however does not correlate with steroid response.
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INTRODUCTION

Synthetic steroids also denoted as glucocorticoids remain cornerstone chemotherapeutic
drugs in the treatment of acute lymphoblastic leukemia (ALL). Insufficient response to
glucocorticoids during induction therapy remains an important predictor for inferior
outcome in pediatric ALL, particularly for T-cell ALL (T-ALL) (1, 2). Activation of the
glucocorticoid receptor (NR3C1) leads to its cytoplasmic-to-nuclear translocation,
facilitating its function as a transcription factor resulting in cell death (3). Steroid
treatment may therefore provide selective pressure of leukemic cells to acquire
genetic events that reduces a functional steroid response resulting in therapy failure
and relapse, as was recently demonstrated in an elegant T-ALL mouse model (4). An
alternative underlying mechanism may include inhibitory phosphorylation of NR3C1
that impairs its nuclear localization and transactivation potential to activate important
downstream target genes including BIM and NR3C1 itself (5, 6). Low NR3C1 levels, the
failure to upregulate NR3C1 as a positive feedback loop following steroid exposure or
epigenetic silencing of BIM have all been linked to steroid resistance (7, 8). Inactivation
of NR3C1 by mutations or entire gene deletions have also been identified in leukemic
cell lines (9) and are reported in about six percent of ALL patients at relapse (10-12). In
particular, over 16 percent of ETV6-RUNX1-positive preB-ALL patients have acquired
NR3C1 deletions at relapse (13). Point mutations or small insertion/deletion mutations in
Nr3cl were also identified in 18 percent of dexamethasone-resistant relapsed samples
in the previously mentioned T-ALL mouse model (4).

In our previous integrated study on pediatric T-ALL patients where we combined genetic
data with clinical data including outcome and therapy response of diagnostic biopsies,
activating IL7R signaling mutations were identified as an important contributor to
steroid resistance (14). In addition, physiological IL7R signaling can also raise cellular
steroid resistance (15). Here, we observe that NR3C1 aberrations are already recurrently
present in pediatric T-ALL as early as at first diagnosis. Moreover, we confirm that NR3C1
abnormalities relate to steroid resistance and may facilitate disease selection under
first-line induction therapy resulting in relapse.
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MATERIALS AND METHODS

Patient samples

Primary diagnostic bone marrow or peripheral blood samples were used from a
total of 146 primary pediatric T-ALL patients in this study: 72 enrolled on the Dutch
Childhood Oncology Group (DCOG) protocols ALL-7/8 (n=30)(16, 17) or ALL-9 (n=42)
(18) and 74 patients enrolled on the German Co-Operative Study Group for Childhood
Acute Lymphoblastic Leukemia study (COALL-97, n=74)(19) with a median follow up
of 67 and 52 months, respectively. The patients’ parents or legal guardians provided
informed consent to use leftover diagnostic material for research in accordance with
the Institutional Review Board of the Erasmus MC Rotterdam and the Declaration of
Helsinki. Leukemia cells were harvested from blood or bone marrow samples and
enriched to a purity of at least 90% (16-19). Screening for NR3C1 mutations and LOH
was performed by lon Torrent sequencing, array-CGH and/or multiplex ligation probe
amplification analyses (MLPA) as previously described (14). Transcriptional NR3C1
expression of primary patient material was determined using U133plus 2.0 arrays.
Prednisolone LC50 was determined by performing a four-day MTT-assay, with the
prednisolone concentration ranging from 0,008 to 250 ug/ml.

Constructs and transduction

For REH cells, gateway multi-site recombination (Invitrogen) was used for gateway
cloning of lentiviral expression vectors by using a Gateway-adapted lentiviral pLEGO-
iC2 destination vector (Addgene) as previously described (14). The entry vectors
existed of (1) attL1/attR5-flanked doxycycline-inducible promoter (third generation,
Clontech); (2) attL5/attL4-NR3C1 (wild-type or mutant) cDNA sequence; (3) attR4/
attR3-flanked DDK-tag followed by a stop codon, WPRE sequences, and a constitutive
pSFFV promoter; and (4) tetracycline (doxycycline)-induced transcriptional activator
protein-Thosea asigna virus 2A-truncated Nerve Growth Factor Receptor reporter. For
the shRNA experiments in REH and SUP-T1 cells, lentiviral transduction was performed
with PLKO.1-puro lentiviral shRNA constructs directed against the human NR3C1 gene
that were selected from the MISSION T shRNA Library (Sigma-Aldrich).

Western blot

Protein extraction and subsequent blotting procedure on REH or SUP-T1 cells were
performed as previously described (14). Primary antibodies used for western blotting:
DKDDDDDK Tag (Cell Signaling Technologies, CST #2368) and B-actin (#ab6276).

Real-time quantitative PCR

RNA was isolated with TRIzol reagent (Thermo Fisher Scientific). RTQ-PCR reactions
were performed by using the DyNAmo HS SYBR Green gPCR Kit (Thermo Fisher
Scientific) under 1X conditions, supplemented with 4mM MgCl, using the CFX384
Touch-Time PCR Detection System (Biorad). Expression levels were calculated relative
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to the expression of the GAPDH house hold gene. Primers used are: GAPDH Fw primer
5’-GTCGGAGTCAACGGATT-3’, GAPDH Rev primer 5’-AAGCTTCCCGTTCTCAG-3’; GILZ Fw
primer 5’-TGGCCATAGACAACAAGAT-3’, GILZ Rev primer 5-TTGCCAGGGTCTTCAA-3’,
FKBP5 Fw primer 5-GAATGGTGAGGAAACGC-3’, FKPB5 Rev primer
5’-ATGCCTCCATCTTCAAATAA-3’, SGK1 Fw primer 5-GGAGCCTGAGCTTATGAAT-3’, SGK1
Rev primer 5-TTCCGCTCCGACATAATA-3'.

Statistical tests

Associations between NR3C1 mutational/deletion status and transcriptional NR3C1
expression or in-vitro prednisolone LC50 were calculated by using the Mann-Whitney
test. Survival analysis for relapse-free survival in our patient cohort was calculated
using the log-rank (Mantel-Cox) test. For all tests, p<0.05 was used as significance level.

RESULTS

Recurrent NR3C1 aberrations in T-ALL patients at diagnosis

In our initial patient cohort for which we combined results from sequencing and LOH
analyses (14), we identified six out of 69 (9%) diagnostic patient biopsies that harbor
NR3C1 deletions (n=4) or carried heterozygous missense mutations (n=2; G323V
and K777N). To substantiate these findings, we screened an additional cohort of 77
diagnostic pediatric T-ALL patient samples (totaling 146 patients) for NR3C1 mutations
and/or LOH using lon Torrent sequencing, array-CGH and/or multiplex ligation probe
amplification analyses (MLPA). We identified two additional patients with NR3C1
deletions and three patients who harbored NR3CI mutations. A heterozygous single
nucleotide insertion resulting in a premature frameshift in the protein coding domain
(E116fs) was identified in one patient whereas a second patient had a heterozygous
G568W missense mutation. The third patient had acquired three mutations including
two missense mutations (N130D and R386L) and a nonsense mutation (G371X) that
truncates the NR3C1 protein before the DNA binding and ligand binding domains. Thus,
we identified six patients having NR3C1 deletions (4%) and five other patients with
newly identified missense or nonsense NR3C1 mutations (3%) in a total of 146 diagnostic
T-ALL patient samples (Figure 1, supplemental table 1).

Four out of six NR3C1-deleted patients were classified as early T-cell progenitor acute
lymphoblastic leukemia (ETP-ALL) based on unsupervised cluster analysis of gene
expression data (20). These NR3C1 deletions occurred in the context of larger 5q
deletion (Figure 2a), which is consistent with the observation that ETP-ALL patients
frequently harbor interstitial or terminal 5q deletions (21). One patient (#1944) had a
TLX1 translocation and co-clustered with the TLX cluster, and in contrast to ETP-ALL
patients had a relative small deletion on 5q that includes the NR3C1 locus. For one
patient its cluster had not been determined.
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Figure 1. Schematic overview of the NR3C1 protein. Missense mutations (blue) and frameshift
(red) mutations as found in our cohort of 146 T-ALL patients have been indicated.

In relation to outcome, none of the NR3C1 deleted patients relapsed, while three out
of five patients with a NR3C1 mutation relapsed. In addition to small patient numbers,
no significant difference in survival was observed compared to patients that lack NR3C1
aberrations (Figure 2b). As a consequence of NR3C1 deletions, NR3C1 expression levels
were significantly lower for NR3C1 deleted patients compared to wild-type patients
(Figure 2c, p=0.0017). Interestingly, no correlation was found between the relative
NR3C1 expression and in-vitro steroid response as measured for 83 treatment-naive
patient samples (Figure 2d). This indicates that relative basal NR3C1 mRNA expression
levels in patient biopsies are not predictive for steroid responsiveness of primary
T-ALL patients at diagnosis. This is in line with previous observations that steroid
responsiveness is largely determined by the ability to upregulate steroid response
genes including NR3C1 itself and pro-apoptotic BIM following steroid exposure (22, 23).
Therefore, steroid responsiveness seems independent of a certain NR3C1 expression
threshold. Upon measuring actual steroid-induced cytotoxicity, we found that patients
with NR3C1 aberrations overall had a significantly inferior in-vitro steroid response
compared to NR3C1 wild-type patients (Figure 2e, p=0.0078). Four NR3Cl-aberrant
patients were completely resistant in-vitro, and four had an intermediate in-vitro
response to prednisolone.

NR3C1 levels determine steroid response levels

To further investigate the relationship between NR3C1 expression and steroid
responsiveness, we used the REH cell line that lacks expression of a functional
glucocorticoid receptor (24). For this, we stably transduced REH cells with a doxycycline-
inducible NR3C1 expression construct (denoted as REHVR3¢1), Restoration of wild-type
NR3C1 expression following doxycycline induction effectuated a highly sensitive
prednisolone response in REHN?3! cells (Figure 3a).
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Figure 2. Characteristics and steroid response of NR3C1 aberrations in primary T-ALL patient
samples (a) Array-CGH data of 92 diagnostic biopsies from pediatric T-ALL patients. Patients are
horizontally orientated and T-ALL subtypes are indicated as determined by gene expression profil-
ing. Deleted regions of the five NR3C1-deleted patients detected by Array-CGH are characterized
by the larger blue lesions around the 531 locus. (b). Kaplan Meier survival analysis of 146 T-ALL
patients who have been treated with different treatment protocols (see supplemental table 1).
The survival for of either NR3C1 deleted or NR3C1 mutated patients was compared to patients
that lack NR3C1 aberrations and analyzed using the log-rank (Mantel-Cox) test. (c) Median NR3C1
expression of 116 diagnostic biopsies from pediatric T-ALL patients determined by U133plus 2
arrays. NR3C1 deleted cases (blue dots) had significant lower NR3C1 expression levels compared
to non-NR3C1 deleted cases (including NR3C1 mutated patients highlighted by red triangles)
(Mann-Whitney test, p=0.0017). (d) Matched NR3C1 expression data to in-vitro prednisolone
response of 83 diagnostic biopsies from pediatric T-ALL patients. (e) In-vitro prednisolone response
of 96 diagnostic biopsies from pediatric T-ALL patients. Patients that harbor NR3C1 aberrations
(deletion (blue dots) or mutation (red triangles)) were significantly more resistant to prednisolone
compared to NR3C1 wild-type patients (Mann-Whitney test, p=0.0078).
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To explore whether reductions in NR3C1 levels would proportionally diminish the
steroid response, we knocked-down NR3C1 expression in REH"?3? cells by introducing
four IPTG-inducible NR3CI-directed short-hairpin RNA (shRNA) lentiviral constructs.
Partial knock-down of NR3C1 upon IPTG treatment in doxycycline-induced REHNR3¢!
cells reduced the sensitivity to prednisolone treatment. For these derivative REHVR3¢!
lines, knockdown by short-hairpin constructs led to pronounced NR3C1 knockdown and
steroid insensitivity (Figure 3b-c). As a control, no reduction in steroid cytotoxicity was
observed for REHNRC cells that were transduced with shRNA construct (sh5) directed

against the 3’ UTR of the normal NR3C1 gene, which was absent in the lentiviral NR3C1
expression construct.
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Figure 3. NR3C1 expression levels predict steroid response in REH cells (a) Steroid response
curves for doxycycline-induced (+dox) or non-induced (-dox) steroid resistant REH cells following
96-hour exposure to serial dilutions of prednisolone. Cell survival was determined by flowcy-
tomery-measured cell counts. REH cells were transfected with a doxycycline-inducible NR3C1
wild-type construct. (b-c) Steroid response curves and NR3C1 protein levels and steroid response
curves of NR3C1-REH cells (e.g. doxycycline-induced REH NR3C1 wild-type cells) that have been
transduced with NR3C1-directed lentiviral shRNA constructs (sh1-4). Control shRNA construct sh5
is directed against the 3’UTR of NR3C1, which is not included in the NR3C1 expression construct.
(d-e) Steroid response curves and (endogenous or short-hairpin reduced) NR3C1 protein levels
of steroid sensitive SUP-T1 cells. shRNA constructs were induced by IPTG 4 days or 1 day prior
to — or at the start (day 0) of steroid treatment. Steroid response was determined after 96 hours
by flowcytometry-measured cell counts.
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To further visualize the relationship between NR3C1 protein level and steroid sensitivity
in a T-ALL context, we transduced steroid-sensitive SUP-T1 T-ALL cells with NR3C1-
directed shRNA lentiviral constructs sh2 or sh3. Timed activation of these shRNA
constructs by addition of IPTG (e.g. 4 or 1 days prior- or at the start of prednisolone
treatment) demonstrated that a gradual increase in NR3C1 knockdown augmented
steroid resistance (Figure 3d-e). These results highlight an interdependency between
NR3C1 expression and steroid response within a specific cellular context.

NR3C1 mutations and steroid response

We then used the same REH model to study the functional consequences of the identified
NR3C1 missense (K777N, G323V or N130D) or G371X nonsense mutation on steroid
responsiveness. REH cells were stably transduced with either of these mutant NR3C1
expression constructs, resulting in expression of mutant NR3C1 receptors following
doxycycline induction (Figure 4a). Using these bulk transduced lines, expression of
K777N, G323V or N130D mutant molecules elicited an efficient transcriptional steroid
response, as demonstrated by the upregulation of specific NR3C1 target genes such as
GILZ, FKBP5 and SGK1 after steroid treatment (Figure 4b). Moreover, the functionally of
these mutations was reflected by their steroid responsiveness, since these mutations
were equally sensitive steroid response compared to REH"?3“! cells (Figure 4c). As
expected, expression of the truncating G371X mutant was totally ineffective to restore
a steroid response (Figure 4b-c).

DISCUSSION

In this study, we found that relative NR3C1 mRNA expression levels in primary diagnostic
patient samples do not correlate with steroid response. Interindividual differences in
other factors that contribute to steroid resistance may influence the steroid response
at diagnosis. For example, IL7R signaling mutations, epigenetic silencing of the BIM
locus or overexpression of BCL2 have all been associated with steroid resistance (8, 14,
25-27). Thus, the relative NR3C1 mRNA level is not useful as a predictive biomarker for
clinical steroid responsiveness for patients at diagnosis per sé. However, for experiments
performed within a specific and controlled cellular context such as REH or SUP-T1 cells,
we observed a strong interdependency between NR3C1 levels and steroid response
levels, in line with previous findings by others (4, 28).
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Figure 4. Non-truncated NR3C1 missense mutations induce efficient steroid-induced cell death
(a) Western blot results of total NR3C1 levels for REH cell lines transfected with doxycycline-induc-
ible NR3C1 or mutant NR3C1-constructs as indicated. (b) Transcriptional steroid response of REH
cells that have been transfected with doxycycline-inducible wild-type or mutant NR3C1 constructs.
Doxycycline-induced cells were treated with 250ug/ml prednisolone. Expression of glucocorticoid
receptor target genes GILZ, FKBP5 and SGK1 was determined at 8, 24 and 48 hours following
prednisolone treatment. (c) Steroid response curves of REH parental and REH cells transfected
with doxycycline-inducible mutant NR3C1 constructs.
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Loss of NR3C1 expression due to mutations, deletions or other mechanisms that occur
under the pressure of steroid treatment (4) explain the relative increased incidence
of NR3C1 deletions and mutations at disease relapse (10, 11, 13). However, our study
demonstrates that heterozygous NR3C1 deletions or truncating mutations are already
present in diagnostic biopsies of approximately 5% of pediatric T-ALL patients and
associate with steroid resistance. This may suggest that natural steroid hormones that
normally shape the immune system (29, 30) already elicits a strong selection pressure
on (pre)leukemic cells before actual diagnosis of disease.

We identified NR3C1 missense mutations in four T-ALL patients (including one patient
that also harbored a truncating mutation). The missense mutations tested in REH cells
demonstrated an efficient transcriptional steroid response and seemed equally effective
as the wild-type NR3C1 molecule in effectuating steroid-induced apoptosis. This is
in contrast to a recent functional screening using a similar experimental approach in
REH cells, demonstrating that (distinct) relapse-enriched NR3C1 mutations in ALL did
confer steroid resistance (31). This indicates that NR3CI missense mutations found at
relapse are selected during therapy and cause resistance towards synthetic steroids,
while mutations at diagnosis do not necessarily drive steroid resistance per sé. The
N130D mutation co-occurred with the truncating G371X mutation in one of our patients,
and may therefore represent a passenger mutation rather than reflecting a steroid
resistance driving mutation.

The steroid sensitive phenotype of our mutant NR3C1 overexpressing cells somewhat
contradict the intermediate or steroid resistant phenotype of corresponding primary
patient blasts. Since induced expression of mutant NR3C1 molecules exceeds the
physiological level as normally expressed in ALL blasts, we cannot exclude the possibility
that subtle effects of the studied NR3C1 mutations on steroid responsiveness are
masked. This may be exemplified by the T-ALL patient harboring the K777N mutation,
since this mutation was also preserved at relapse. In contrast to the controlled context
of REH cells, many other factors are influential in the steroid sensitivity of leukemic
blasts. The presence of mutant NR3C1 may therefore synergize with other (epi)genetic
aberrations at disease diagnosis. Regardless of a supporting or causal role, the presence
of NR3C1 mutations related to steroid resistance in our cohort, and 3 out of 4 patients
with missense NR3C1 mutations relapsed during therapy.

In conclusion, approximately 7 percent of patients that are diagnosed with T-ALL already
harbor NR3C1 inactivating events that influence their leukemic response to steroid

treatment.
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ABSTRACT

(Patho-)physiological activation of the IL7-receptor (IL7R) signaling contributes to
steroid resistance in pediatric T-cell acute lymphoblastic leukemia (T-ALL). Here, we
show that activating IL7R pathway mutations and physiological IL7R signaling activate
MAPK-ERK signaling, which provokes steroid resistance by phosphorylation of BIM. By
mass spectrometry, we demonstrate that phosphorylated BIM is impaired in binding
to BCL2, BCLXL and MCL1, shifting the apoptotic balance towards survival. Treatment
with MEK inhibitors abolishes this inactivating phosphorylation of BIM and restores
its interaction with anti-apoptotic BCL2-protein family members. Importantly, the
MEK inhibitor selumetinib synergizes with steroids in both IL7-dependent and IL7-
independent steroid resistant pediatric T-ALL PDX samples. Despite the anti-MAPK-ERK
activity of ruxolitinib in IL7-induced signaling and JAK1 mutant cells, ruxolitinib only
synergizes with steroid treatment in IL7-dependent steroid resistant PDX samples but
not in IL7-independent steroid resistant PDX samples. Our study highlights the central
role for MAPK-ERK signaling in steroid resistance in T-ALL patients, and demonstrates
the broader application of MEK inhibitors over ruxolitinib to resensitize steroid-resistant
T-ALL cells. These findings strongly support the enrollment of T-ALL patients in the
current phase /11 SeluDex trial (NCT03705507) and contributes to the optimization and
stratification of newly designed T-ALL treatment regimens.

Keywords: T-cell acute lymphoblastic leukemia, glucocorticoid response, steroid
resistance, MAPK-ERK signaling, MEK inhibition, BIM
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INTRODUCTION

T-cell acute lymphoblastic leukemia (T-ALL) is a high-risk hematological malignancy of
early developing T-cells and represents 15 percent of children that present with ALL.
T-ALL patients comprised nearly 40% of patients that were treated in the high-risk
treatment arm of the Dutch Childhood Oncology Group (DCOG) ALL-10 protocol (1). To
date, cure-rates of 75-80 percent are achieved (2-4), indicating that therapy still fails in
one out of 4-5 children with T-ALL. T-ALL patients that suffer from relapse have a dismal
outcome due to acquired resistance to a wide range of chemotherapeutics. Synthetic
glucocorticoids (also denoted as steroids) including prednisolone and dexamethasone
are cornerstone drugs in the treatment of both T-ALL and B-cell precursor-ALL (BCP-
ALL). Resistance to steroids is a frequent problem in T-ALL that historically predicts for
poor outcome and is used for risk-stratification in many treatment protocols including
the DCOG ALL-11 protocol (3, 5, 6).

The gene coding for the pro-apoptotic molecule BIM (7)—a BH3-only member of the
BCL-2 protein family—is an important direct transcriptional target of the glucocorticoid
receptor (NR3C1). Upon steroid treatment, BIM is upregulated to mediate steroid-
induced death of lymphoid cells (8-12). In contrast, anti-apoptotic BCL2 is downregulated
in lymphoblasts treated with steroids (8). Upregulation of BIM changes the dynamic
balance between pro- and anti-apoptotic BCL-2 family members, resulting in the release
and activation of the pro-apoptotic effector molecules BAK and BAX, which triggers
apoptosis (13-15). Various mechanisms have been described that may impair the
activation or function of BIM, hence resulting in steroid resistance. These mechanisms
rely on the activation of specific kinases (e.g. AKT, ERK, p38 or JNK) that can either impair
the transcription of BIM, or alter its function, cellular localization and/or proteasomal
degradation (10, 11, 16-24).

Aberrant activation of the interleukin-7 (IL7) signaling pathway is frequently observed
in T-ALL (25-27). Physiological activation of the pathway is induced when IL7 binds
to its cognate receptor, which results in the activation of downstream JAK-STAT and
PI3K-AKT pathways. We previously demonstrated that mutations in the IL7R signaling
pathway are associated with steroid resistance and inferior relapse-free survival (28).
Mutations in the IL7Ra chain or downstream signaling molecules activate the JAK-STAT
and PI3K-AKT signaling pathways in a ligand-independent manner (28). In contrast to
physiological IL7R signaling in normal T-cells, IL7R-signaling mutations also strongly
activate MAPK-ERK signaling, albeit its significance is currently unknown. Physiological
IL7R signaling in T-ALL cells from patients can also raise steroid resistance, further
providing evidence for crosstalk between the IL7- and steroid-induced signaling
pathways independent of the presence of specific activation mutations (29). To date, this
so-called ‘IL7-dependent steroid resistant’ phenotype is attributed to STATS5 activation
and subsequent upregulation of BCL2 (30). BCL2 upregulation also occurs as a result of
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IL7-induced PI3K-AKT pathway activation in T-ALL (25). However, the activation of the
MAPK-ERK pathway in IL7-induced signaling in T-ALL has not been studied yet, and its
contribution to steroid resistance remains poorly understood.

This study reveals that the MAPK-ERK pathway is aberrantly activated downstream of
mutant- and physiological IL7R-signaling. As a result, steroid-induced pro-apoptotic
BIM is inactivated through phosphorylation, which changes the apoptotic threshold
and drives MAPK-ERK induced steroid resistance. Our results demonstrate the broader
efficacy of MEK inhibitors over the JAK1/2 inhibitor ruxolitinib to resensitize steroid-
resistant T-ALL cells.

MATERIALS AND METHODS

Functional screening of SUPT-1 cell lines

JAK1, IL7R and NRAS mutant or wild-type molecules were stably expressed through
lentiviral transduction of SUPT-1 cells. Viability during cytotoxicity screens was
determined after four days by methylthiazolyldiphenyl-tetrazolium bromide (MTT,
Sigma Aldrich). Details concerning lentiviral transduction and purification of cell lines,
cytotoxicity screens and RTQ-PCR can be found in the supplemental materials and
method.

Functional screening of PDX cells

Cytotoxicity screens of PDX samples was performed as previously described (28) in
the presence or absence of 25 ng/ml IL7 (R&D Systems). PDX cells were plated at a
concentration of 1x10° cells/ml, and viability after four days was measured by ATPlite
1Step (Perkin Elmer, Groningen, The Netherlands).

Co-immuno-precipitation and mass spectrometry

Dynabeads (Thermo Fisher Scientific) were linked to the immunoprecipitation antibody
of interest, briefly incubated and subsequently crosslinked to BS® (2,5 mM) to avoid
co-elution of the antibody. After overnight incubation each sample was eluted with
Laemmli sample buffer (without dithiothreitol) and heated for 10’ at 50°C. Antibodies
used for immunoprecipitation of target proteins: BIM (#2933; Cell Signaling), MCL1
(#AHOO0102; Thermo Fisher Scientific) and BCL2 (#551051; BD Pharmingen™). For mass
spectrometry, proteins were digested by trypsin (Promega) and peptides were analyzed
by LC-MS/MS using an Agilent 1290 system coupled to a Q-exactive HF-X (Thermo
Fisher Scientific). iBAQ quantification was performed, representing protein abundance
in each sample. Details concerning protein isolation in non-IP experiments, the western-
blotting procedure and mass spectrometry procedures and analysis can be found in the
supplemental materials and methods.
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RESULTS

Steroid resistant IL7R and JAK1 mutants activate the MAPK-ERK signaling pathway
To explore the mechanisms driving IL7R-signaling mediated steroid resistance, we
generated doxycycline-inducible SUPT-1 cell lines that express wild-type or mutant IL7R
or downstream signaling components. Whereas expression of wild-type IL7R (IL7R"T)
or the non-cysteine mutant IL7Ra¥2*3¢"! did not affect the sensitive steroid response
of SUPT1 cells, expression of cysteine mutant IL7RqP'!LT240-244RFCPH || 7R P1L240-242Q5PSC
IL7R0\T243-244MCPT strongly raised cellular resistance (Figure 1a-b). We observed activation
of the downstream MAPK-ERK signaling in these three steroid resistant lines expressing
mutant IL7Ra isoforms in contrast to the wild-type and the non-cysteine IL7Ra mutant
lines (Figure 1c). Notably, MAPK-ERK activation has not been observed in physiological
IL7 signaling in normal T-cells (31). Validation of MAPK-ERK activation in other steroid
sensitive (JAK1"T) or steroid resistant (JAK1?72*H JAK1™%1A NRASWT or NRAS®??) derivate
SUPT-1 lines demonstrated strong MAPK-ERK activation in all steroid resistant lines (28).
As the inducibility of all doxycycline-inducible cell lines exceeded 85 percent (data not
shown), differences in MAPK-ERK signaling among various cell lines reflect quantitative
differences. Of note, MAPK-ERK pathway activation seemed linked to changes in the
apparent molecular weight of the pro-apoptotic BIM-EL and BIM-L isoforms (Figure 1c).
Phosphorylation of the pro-apoptotic BIM-S isoform was not observed.

IL7 can induce steroid resistance and MAPK-ERK activation in T-ALL PDX cells

Our observed relationship between mutant IL7R signaling, MAPK-ERK pathway
activation and steroid response suggests that MAPK-ERK signaling may represent a
major determinant for steroid resistance, including steroid resistance that is induced
by physiological IL7 signaling. We therefore examined the steroid response of 46
patient-derived xenografts (PDX) samples (including 9 matched diagnostic-relapse PDX
pairs) in the absence and presence of IL7. Steroid sensitivity was measured as Area
Under the Curve (AUC) to quantify cytotoxic responses over a 4-log dynamic range of
prednisolone concentrations. The steroid sensitivity of 34 PDX samples was not affected
by addition of IL7. However, 12 samples demonstrated an AUC increase of more than
1.5 fold in the presence of IL7 compared to cells cultured in the absence of IL7 (Figure
1d, supplemental figure 1a). This indicates that ligand-dependent IL7R activation can
induce steroid resistance in 26% of our T-ALL PDX cohort.
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Figure 1. IL7R signaling mutations and physiological IL7-signaling activates MAPK-ERK signaling
in T-ALL. (A) Cell toxicity screening of doxycycline-induced SUPT-1 parental (grey), IL7R"T (green)
and IL7RV?53¢Pst (blue) mutant cells. As negative control for the mutant cell lines, the average surviv-
al of both cell lines is illustrated in the -DOX condition (dark grey). Cells were treated with prednis-
olone (range 0.00822 — 250 ug/ml) for four days. (B) Cell toxicity screening of doxycycline-induced
[L7RPILT240-244RFCPH (green), [L7RT243-244MCPT (bye) and IL7RPIH240-24205P5C (orange) cysteine-mutant cells.
As negative control for the mutant cell lines, the average survival of both cell lines is illustrated
in the -DOX condition (dark grey). Cells were treated with prednisolone (range 0.00822 — 250
ug/ml) for four days. (C) Western blot of JAK1 (DDK-tagged), IL7R and NRAS overexpressing cells
to study downstream MAPK-ERK pathway activation. (D) Cell toxicity screening of 46 T-ALL PDX
samples in IL7 treated and untreated condition. Area Under the Curve (AUC) values represent
steroid response (range 3.16nM-31.6uM prednisolone). The ‘IL7-responsive’group was defined by
an >1.5 fold increase in prednisolone AUC in the IL7 treated condition. Starred samples represent
extreme resistant samples with AUC >400, since an AUC of 400 represent the maximum AUC in
a 4-log dynamic concentration range of prednisolone. (E) Western blot of selected T-ALL PDX
samples to study downstream MAPK-ERK pathway activation in response to IL7. *off-target band.
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We then studied whether IL7-induced signaling can activate the MAPK-ERK pathway
alike IL7R signaling mutations. For this, we selected 3 PDX samples that became more
resistant to steroids following IL7 exposure (denoted as IL7-dependent steroid resistant
samples), and 2 steroid resistant PDX samples for which the steroid sensitivity was not
affected by IL7 (denoted as IL7-independent steroid resistant samples) (Supplemental
figure 1b-c). Interestingly, we observed increased ERK phosphorylation after 30 minutes
of IL7 exposure in IL7-dependent and IL7-indendent steroid resistant PDX samples
(Figure 1e, supplemental figure 1d). In some of these samples, higher molecular weight
isoforms of BIM-L and BIM-EL were observed in relation to (IL7-induced) MAPK-ERK
signaling. In addition to mutant IL7R signaling, we reveal that physiological IL7 signaling
also activates the MAPK-ERK pathway in T-ALL. MAPK-ERK signaling may therefore
represent a major cause for IL7-induced steroid resistance.

MAPK-ERK signaling drives phosphorylation of BIM isoforms

The presence of higher molecular weight BIM-EL and BIM-L isoforms in MAPK-ERK
activated and steroid resistant cell lines and T-ALL PDX samples suggest a common
post-translational modification of BIM downstream of activated MAPK-ERK signaling.
To study if this modification was due to protein phosphorylation, we treated whole cell
lysates of doxycycline-induced SUPT-1 JAK1*72*" cells ex-vivo with lambda phosphatase
in the presence of limiting concentrations of phosphatase inhibitors. Induction of
JAK1R72% resulted in high phosphorylation of ERK and higher molecular weight forms
for BIM-EL and BIM-L, which were reduced to single and lower molecular isoforms
upon phosphatase treatment similar to non-induced control cells (Figure 2a, only
BIM-EL isoform is displayed). Therefore, we conclude that these higher molecular
weight BIM isoforms were due to phosphorylation. To investigate whether BIM is
phosphorylated downstream of activated MAPK-ERK signaling, we performed an in-
vitro phosphorylation assay with human active (MEK-activated) recombinant ERK1
and human recombinant BIM-L (Figure 2b). Only in the presence of ERK1 and 100uM
ATP, BIM was phosphorylated, concluding that ERK is directly responsible for the
phosphorylation of pro-apoptotic BIM. We validated this result by treating wild-type
and mutant JAK1 SUPT-1 cells with the MEK-inhibitor CI1040 (Figures 2c). In both JAK
mutated lines, phosphorylation of ERK and BIM-EL and BIM-L isoforms were effectively
blocked upon Cl1040 treatment. Similar findings were observed for three cysteine-
mutant IL7Ra lines following CI1040 treatment, while BIM remained unphosphorylated
in wild-type IL7Ra cells irrespective of MEK inhibitor treatment (Supplemental figure
2a). Both clinically relevant MEK inhibitors selumetinib and trametinib also effectively
blocked BIM phosphorylation in a dose-dependent manner at concentrations that
did not induce cytotoxicity (Figure 2d-e, supplemental figure 2b-d). Therefore, we
conclude that phosphorylation of BIM follows MAPK-ERK pathway activation and can
be effectively blocked by MEK inhibitors.
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Figure 2. Pro-apoptotic BIM is phosphorylated downstream of activated MAPK-ERK signal-
ing. (A) Western blot of JAK1?7?*" overexpressing cells (+DOX) treated with lambda phosphatase
during cell lysis. A standard phosphatase inhibitor (Pl) cocktail used for cell lysis was diluted 0
to128 times to study the effect of lambda phosphatase in absence of phosphatase inhibitors.
A lambda phosphatase untreated sample with standard Pl cocktail levels (last lane, Pl dilution
‘NA’) was used as a control. (B) In-vitro phosphorylation assay between recombinant ERK1 and
BIM-L in a 1:3 kinase: substrate weight ratio. The kinase reaction was performed in the presence
and absence of 100uM ATP (lane 1, 3 and 4). (C) Western blot of wild-type and mutant JAK1 cells
that were induced (second lane in each individual blot) and treated with 2uM of MEK inhibitor
Cl1040 (third lane in each individual blot). (D and E) Protein phosphorylation of ERK and BIM at
increasing concentration of MEK inhibitor selumetinib (range 0-100uM) in JAK1™°** and NRAS®?°

overexpressing cells.
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The transcriptional steroid response is intact in SUPT-1 steroid resistant lines

BIM, among other genes, represents an important transcriptional target gene of the
glucocorticoid receptor (NR3C1) (8-10, 12, 18, 21, 32). Failure to upregulate BIM has
been linked to steroid resistance in pediatric ALL patients and ALL PDX samples (8, 17,
18, 33). To establish whether transcriptional activation of BIM is impaired as a potential
steroid resistance mechanism downstream of mutant IL7R signaling, we measured BIM
expression in the presence and absence of steroid treatment in SUPT-1 cells with and
without expression of mutant JAK1 or IL7Ra molecules (Figures 3a-b). In the absence
of doxycycline, where cells do not express mutant molecules (i.e. steroid sensitive
phenotype), all cell lines underwent a 4 to 10-fold increase in BIM expression following
overnight exposure to prednisolone. Doxycycline-induced expression of mutant (and
steroid resistant) JAK1 or IL7Ra molecules also resulted in a robust upregulation of BIM
following steroid treatment. This was also confirmed at the protein level, where steroid
treatment led to increased BIM levels independently of MAPK-ERK signaling (Figure 3c).
This indicates that the transcriptional response of NR3C1 upon steroid exposure remains
intact in steroid resistant IL7R and JAK1 mutant lines, which hints that phosphorylation
of BIM may drive MAPK-ERK-dependent steroid resistance. Notably, MCL1 levels also
increased following prednisolone exposure in all lines tested, indicating that MCL1 might
represent a novel and direct transcriptional target gene of NR3C1 (Figure 3c).

Phosphorylation of BIM impairs its binding to anti-apoptotic BCL-2 family members
BIM can bind to anti-apoptotic family members including BCL2, BCLW, BCLXL and
MCL1 to antagonize their pro-survival activities (7, 34-37). We hypothesized that
phosphorylation of BIM is causative for MAPK-ERK dependent steroid resistance in
T-ALL by directly impairing the binding of BIM to anti-apoptotic family members.
We therefore performed a qualitative unbiased mass spectrometry analysis of BIM-
immunoprecipitation eluates from non-induced and doxycycline-induced NRAS®?° cells.
As aresult, we identified 23 proteins that consistently bound to unphosphorylated BIM
in three replicate experiments (Supplemental table 1). Between eluates, we observed
variation in BIM protein abundancy (quantified by the BIM iBAQ value; Supplemental
figure 3a, supplemental table 1). This variation could easily be explained by differences
in immunoprecipitation efficiency, but could also be caused by potential proteasomal
degradation of phosphorylated BIM (11, 22, 23). By treating NRAS®!?° overexpressing cells
with the proteasomal inhibitor bortezomib, we indeed observed moderate increased
BIM protein levels, whereas MCL1 stabilization confirmed effective inhibition of the
proteasome (Supplemental figure 3b). To correct our analysis for technical differences
and proteasomal degradation, we normalized the iBAQ value of each individual protein
to the BIM iBAQ value within each sample (Supplemental table 1). Since the BIM
gene is a direct target gene of the glucocorticoid receptor, mass spectrometry and
subsequent normalization was also performed on BIM-immunoprecipitation eluates
of prednisolone-treated NRAS®??° cells. This qualitative mass spectrometry approach
demonstrated that five out of 23 proteins consistently decreased direct protein-protein

79



interaction with BIM upon its phosphorylation (Figure 4a, supplemental table 1). With
the exception of Aurora Kinase A (AURKA), the other four proteins represent BCL-2-
family members, that is BCLXL, BCL2, MCL1 and BMF.
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Figure 3. Steroid-dependent expression of BIM is not impaired in MAPK-ERK activated cell
lines. (A-B) Relative BIM expression levels (mean and SD of triplicates) of wild-type and mutant
JAK1 and IL7R cell lines. Expression was normalized to GAPDH expression. BIM expression of
non-induced cells that were not treated with prednisolone was used as baseline (relative expres-
sion=1). RT-QPCR was performed on both doxycycline-induced and non-induced samples that
were treated overnight with prednisolone (250 ug/ml). (C) Pathway signaling and BH3-protein
family members were studied in steroid-treated (250 ug/ml prednisolone) and untreated wild-
type and mutant JAK1 cells.

To validate the finding that phosphorylation impairs the capability of BIM to bind anti-
apoptotic BCL-2 family members, we performed BIM-immunoprecipitation in steroid-
sensitive (JAK1"T) and steroid-resistant (JAK1™%A JAK1R72*" and the NRAS®'?P) cell
lines (Figures 4b-c, supplemental figures 4a-b). As expected, (non-phosphorylated)
BIM effectively binds MCL1, BCL2 and BCLXL in all these lines under non-induced,
steroid-sensitive conditions. Moreover, steroid-dependent BIM upregulation further
enhanced capturing of MCL1, BCL2 and BCLXCL proteins (lane 5 and 6). Following

80



doxycycline-induced expression of mutant JAK1 or NRAS molecules and subsequent
BIM phosphorylation, BIM decreased its binding to all three anti-apoptotic molecules
(compare lanes 7 and 8 to 5 and 6, respectively). Reciprocal immunoprecipitation
experiments for BCL2 or MCL1 using the NRAS®?° |ine also confirmed reduced binding to
BIM isoforms following BIM phosphorylation (Supplemental figures 4c-d). We therefore
conclude that phosphorylation of BIM impairs its interaction with anti-apoptotic
BCL-2 family members, which drives steroid resistance. Following inhibition of the
proteasome, which slightly elevated BIM protein levels, we did not observe enhanced
binding of BIM to BCL2 (Supplemental figure 4e). This confirms that phosphorylation
of BIM results in loss-of-binding to anti-apoptotic molecules, rather than indirectly
due to proteasomal degradation. Unfortunately, we were unable to identify the BIM
phospho-motif responsible for this loss-of-binding effect, since phosphorylation at
known Ser55, Ser69, Thr56 and Thr112 was not observed in our SUPT-1 cell lines with
activated MAPK-ERK signaling (data not shown).

To explore therapeutic options for this MAPK-ERK-induced steroid resistance
mechanism, we studied to what extend JAK or MEK inhibitors are able to prevent
phosphorylation of BIM and to restore its binding to anti-apoptotic family members. For
this, BIM was precipitated in lysates from doxycycline-induced JAK1™°* and NRAS¢12P
lines that were treated with the JAK1/2-inhibitor ruxolitinib or the MEK inhibitor
selumetinib. Treatment with either ruxolitinib or selumetinib abolished MAPK-ERK
and consequential phosphorylation of BIM in JAK1 mutant cells, whereas the effect
of selumetinib was independent on active JAK1 signaling (Supplemental figure 5a;
lanes 5 and 6). As expected, selumetinib but not ruxolitinib abolished MAPK-ERK
activation and subsequent phosphorylation of BIM in doxycycline-induced NRAS®'?P
cells (Supplemental figure 5b; lanes 5 and 6). Restoration of non-phosphorylated BIM in
both lines restored its binding to MCL1, BCL2 and BCLXL (Figures 4d-e, lanes 4, 5 and 6).
Treatment with selumetinib or ruxolitinib also prevented phosphorylation of BIM upon
IL7 exposure in the T-ALL PDX sample Z1808 (Supplemental figure 5c). We therefore
conclude that the adverse effects of MAPK-ERK pathway activation downstream of
active IL7R/JAK signaling can be blocked by both JAK and MEK inhibitors, while MAPK-
ERK activation by mutations downstream of the IL7R or JAK molecules can only be
blocked by MEK inhibitors.
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Figure 4. Phosphorylation of BIM directly impairs its binding to anti-apoptotic proteins, which
is prevented by pharmacological inhibition of MAPK-ERK signaling. (A) Protein abundancy
of five proteins identified by qualitative mass spectrometry that lost binding to BIM upon BIM
phosphorylation in prednisolone untreated and treated conditions. Relative protein abundancy
was determined by the ratio of protein abundancy in each individual sample (protein iBAQ) versus
total BIM protein abundancy in each individual sample (BIM iBAQ). Bars represent the average
of the replicates (n=3) in NRAS®*?° SUPT-1 cells. The comparison between —dox —prednisolone
versus +dox —prednisolone and —dox +prednisolone versus +dox +prednisolone illustrate the loss
of binding of these five proteins. Samples were induced by doxycycline and/or treated with 250
ug/ml prednisolone for 24 hours before BIM immunoprecipitation. (B-C) BIM-immunoprecipita-
tion of wild-type JAK1 and JAK1™%! mutant cells. Lane 1-4: total lysate of induced and non-in-
duced cells incubated overnight in the absence or presence of 250 ug/ml prednisolone. Lane 5-6:
BIM-immunoprecipitation of corresponding samples, studying differences in the binding of BIM
to anti-apoptotic BCL2 family members (MCL1, BCL2 and BCLXL). (D-E) BIM-immunoprecipitation
of JAK1™ and NRAS®*?® mutant cells. In addition to doxycycline-induction and prednisolone
treatment (250 ug/ml prednisolone), samples were treated with either 2uM ruxolitinib or 10uM
selumetinib. Corresponding total lysate blots are presented in supplemental figure 4a-b.
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MEK-ERK inhibition enhances steroid responsiveness

To elaborate on the clinical application of these targeted compounds in T-ALL, we first
tested the cytotoxic efficacy of ruxolitinib or MEK inhibitors selumetinib, trametinib and
binimetinib in 46 T-ALL PDX samples. In the absence of IL7, none of the PDX samples
tested responded to single ruxolitinib treatment, while the majority of these samples
demonstrated a robust response to all three MEK inhibitors (Figure 5a). Since ruxolitinib
seems effective in PDX-models when tested in-vivo (29, 38), we hypothesized that its
therapeutic effect may be dependent on IL7-enhanced survival and/or proliferation
pathways. We therefore studied the relationship between IL7-dependent viability and
ruxolitinib sensitivity in six IL7-dependent steroid resistant PDX samples (Supplemental
figure 6a). These PDX cells were more viable when cultured in the presence of IL7
(Supplemental table 2), and became sensitive to ruxolitinib treatment (Supplemental
figure 6a). Importantly, we observed a significant correlation (p=0.0039) between
increased ruxolitinib sensitivity and the level of IL7-enhanced viability (Figure 5b,
supplemental figure 6a). This was not observed for six IL7-independent steroid
resistant PDX samples that remained insensitive to ruxolitinib even in the presence of
IL7 (Supplemental table 2, supplemental figure 6b). Therefore, we conclude that the
therapeutic effect of ruxolitinib is dependent on IL7-enhanced cell viability. This may
limit the therapeutic application of ruxolitinib, since only a minority of T-ALLs exploit
IL7-signaling to provoke steroid resistance (Figure 1d). Cellular sensitivity towards
selumetinib was independent on IL7-enhanced viability (Figure 5b, supplemental figure
6a).

We then investigated whether pharmacological inhibition of MAPK-ERK signaling could
synergize with prednisolone in steroid-resistant T-ALL cells. For this, we combined
prednisolone treatment with selumetinib or ruxolitinib in the six IL7-independent
steroid-resistant PDX samples and the six IL7-dependent steroid resistant PDX samples
(Figure 5c¢, supplemental figure 7a-b, supplemental table 3). Combination treatment
with prednisolone and selumetinib was highly synergistic in both IL7-dependent and
IL7-independent steroid resistant samples. This highlights that MAPK-ERK signaling
is a central driver in both IL7-dependent and IL7-independent steroid resistance
mechanisms in T-ALL. Selumetinib was also synergistic in PDX cells under steroid-
sensitive conditions (e.g. IL7-dependent cells that were tested in the absence of IL7).
In addition to all IL7-dependent steroid resistant samples, only one IL7-independent
steroid resistant sample demonstrated synergy between prednisolone and ruxolitinib
in the presence of IL7 (PDX COG17R, purple dots, Figure 5c). Interestingly, synergy
between prednisolone and ruxolitinib was also observed in one IL7-dependent steroid
resistant sample in the absence of IL7 (PDX 21808, green dots, Figure 5c). For both
samples in their respective conditions, we did observe STAT5 activation and subsequent
BCL2 upregulation (Supplemental figure 1b). However, both samples also heavily
benefitted from combined prednisolone and selumetinib treatment (- or + IL7 lanes
for PDX COG17R, +IL7 lane for PDX Z1808). Therefore, these results highlight that MEK
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inhibitors are superior over the JAK1/2 inhibitor ruxolitinib, since MEK-inhibitors can
resensitize steroid-resistant T-ALL patients that are insensitive to ruxolitinib treatment.
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Figure 5. MEK-inhibitors synergize with steroid treatment in IL7-dependent and IL7-indepen-
dent steroid-resistant T-ALL. (A) Cell toxicity screening of 46 T-ALL PDX samples for ruxolitinib
(JAK-inhibitor), selumetinib, trametinib or binimetinib (MEK inhibitors) in IL7 untreated condition.
Cell viability is illustrated by AUC, whereas an AUC of 400 represent the maximum AUC in a 4-log
dynamic concentration range of each specific inhibitor. (B) Correlation between IL7-enhanced
cell viability and altered drug sensitivity in the presence of IL7 in six ‘IL7-dependent steroid resis-
tant’ PDX samples. ‘IL7-dependent steroid resistant’ PDX samples were defined by an increase in
prednisolone AUC by >1,5 fold in the presence of IL7 with a minimal AUC of 175 in the presence
of IL7. Y-axis represent delta AUC, defined by the ratio between the AUC of the specific drug in
the presence and absence of IL7. X-axis represent the magnitude of IL7-enhanced viability in
each individual sample relative to viability in the absence of IL7 (Supplemental figure 5a). Linear
regression (R?) and p-values conclude a significant correlation between IL7-enhanced viability
and ruxolitinib sensitivity. (C) The combination Index (Cl) of T-ALL PDX samples, treated with
prednisolone and ruxolitinib (blue) or selumetinib (red) treatment in the absence (light colored)
or presence (dark colored) of IL7. The synergy value of each sample illustrated is an average Cl
score, calculated over the complete therapeutic window of the combination treatment (Supple-
mental figure 6a-b). Synergy was defined by a Cl between 0.3 and 0.8, whereas strong synergy
was defined by a Cl <0.3. PDX COG17 was highlighted by the purple dots, whereas PDX Z1808
was highlighted by the green dots.
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Figure 6. Schematic overview of MAPK-ERK-induced steroid resistance. Cysteine IL7Ra mu-
tations, JAK1 mutations, and physiological IL7 signaling can activate the MAPK-ERK signaling
pathway in T-ALL. Additionally, the MAPK-ERK pathway can be activated by RAS mutations or
unknown (i.e. non-IL7) signaling pathways. Activated ERK phosphorylates the pro-apoptotic mol-
ecule BIM, which normally binds to anti-apoptotic Bcl-2 family proteins (BCL2, BCLXL and MCL1).

DISCUSSION

In the last two decades, major improvements have been made in the treatment of
pediatric T-ALL. Certain genetic aberrations, like recurrent IL7R pathway mutations,
are related to drug resistance and inferior outcome (28, 39, 40). Here, we demonstrate
that both ligand- and mutation-induced IL7R signaling activates the MAPK-ERK pathway
in cell lines and pediatric T-ALL PDX samples. Activated MEK-ERK phosphorylates pro-
apoptotic BIM, which impairs its binding to anti-apoptotic proteins, resulting in steroid
resistance. We demonstrate that MEK inhibitors effectively abolish this resistance
mechanism and synergize with steroid treatment (Figure 6). These data highlight an
opportunity for treatment with MEK inhibitors in MAPK-ERK activated T-ALL during
steroid therapy. Moreover, treatment with MEK inhibitors could prevent selection of
cells that harbor MAPK-ERK-activating mutations during steroid treatment. The latter
specifically accounts for IL7Ra, JAK1 and NRAS mutations (28), especially since IL7Ra
and NRAS mutations have been identified as predictors for extremely poor outcome for
relapsed T-ALL patients (41). Interestingly, we observed synergy between MEK inhibitor
selumetinib and prednisolone in both IL7-dependent and IL7-independent PDX samples.
This implies that the application of MEK inhibitors in T-ALL is not limited to specific T-ALL
patient subgroups or certain genetic aberrations, but that the MAPK-ERK pathway may
be a central convergence point that is activated downstream of multiple important
signaling pathways in T-ALL.

85



MAPK-ERK activation induces phosphorylation of BIM-EL and BIM-L isoforms. BIM-EL
consists of exons 2-6, with exon 3 containing at least three serine residues (Ser-59,
Ser-69 and Ser-77) that are known sites for phosphorylation by ERK (11, 22, 42). Although
BIM-L lacks exon 3, we observed that this isoform is also subjected to phosphorylation
that can be abolished by MEK inhibitor treatment. Phosphorylation of the pro-apoptotic
BIM-S isoform, which only consists of exons 5 and 6, was not observed in our models.
Therefore, we predict that one or multiple residues on BIM exon 4 can also be subjected
to ERK-dependent phosphorylation as also observed in other studies (22, 42, 43).

We identified Aurora Kinase A (AURKA) as a BIM-interacting protein, which lost
interaction upon BIM phosphorylation. It has been reported that AURKA —in contrast to
ERK — specifically phosphorylates BIM-EL during mitosis (44, 45). Our mass spectrometry
data however demonstrated that the interaction between unphosphorylated BIM and
AURKA already drastically decreases upon steroid treatment. This decreased interaction
might be caused by the downregulation of AURKA as a result of steroid treatment,
as is observed in a BCP-ALL xenograft model (46). Down-regulation of AURKA in
steroid-treated leukemia implies that AURKA does not actively contribute to steroid
resistance, which would exclude AURKA inhibitors as therapeutic agents to reverse
steroid resistance.

In addition to MAPK-ERK signaling, activation of the IL7R also leads to activation of
the PI3K-AKT and JAK-STAT pathways, highlighting the complexity of IL7R signaling.
Like MEK inhibitors, JAK and AKT inhibitors also seem promising to restore steroid
sensitivity (28, 38). Early T-cell progenitor (ETP) ALL patient cells are intrinsically
more resistant to steroid treatment than non-ETP-ALL cells, frequently bear JAK-STAT
activating mutations and are responsive to JAK1/2-inhibitor ruxolitinib (38). Moreover,
combination treatment of ruxolitinib and dexamethasone enhances steroid-induced
cell death in IL7-dependent steroid resistant T-ALL cells due to IL7-induced JAK-STAT
activation (29). We confirm these findings and demonstrate that IL7-dependent steroid
resistant T-ALL cells can benefit from synergistic effects of ruxolitinib on steroid-induced
cytotoxicity in the presence of IL7. Moreover, we demonstrate that ruxolitinib also
effectively blocks active MAPK-ERK signaling in IL7-dependent T-ALL PDX cells and JAK1
mutant T-ALL cells. The synergistic effect between JAK1/2-inhibition and steroids may
therefore (in part) depend on the consequential inhibition of downstream MAPK-ERK
signaling (38, 47).

With the exception of sample Z1808 that displays high STAT5 pathway activation in
the absence of IL7 (i.e. IL7-induced signaling), we did not observe synergy between
ruxolitinib and steroids in the remaining five IL7-dependent steroid resistant PDX
samples in the absence of IL7. Our data suggests that the effect of ruxolitinib is limited
to leukemic cells that utilize IL7-induced signaling to boost cell viability. In in-vivo PDX
models that depend on active proliferation of leukemia cells, treatment with JAK1/2
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inhibitors have been demonstrated to be effective and synergistic when combined with
steroids. This effect might depend on the presence of stromal cells as main source for
IL7 production. Our data however suggests the majority of non-proliferating cells will
not respond to ruxolitinib treatment: (quiescent) leukemia cells in low-IL7-containing
niches in patients may therefore not benefit from combined ruxolitinib and steroid
treatment, limiting the curative application of ruxolitinib. This may be exemplified
by the limited effect of ruxolitinib treatment in myeloproliferative neoplasms — a
disease characterized by dominant mutational driven JAK-STAT pathway activation —,
since molecular remission upon ruxolitinib treatment is usually not achieved in these
patients (48). A similar dependency on IL7-enhanced viability is not a prerequisite for the
synergistic effects of MEK inhibitors on steroid-induced cytotoxicity, and selumetinib
was effective in all T-ALL PDX samples regardless of IL7-induced signaling. As the MAPK-
ERK pathway is often activated downstream of active JAK-signaling, MEK inhibitors
may provide a valuable alternative for ruxolitinib in JAK-STAT-activated neoplasms.
Therefore, our data indicates that care should be taken implementing ruxolitinib in
clinical practice for T-ALL.

In addition to our findings in T-ALL, the presence of RAS mutations in BCP-ALL at
diagnosis predict for resistance to chemotherapeutic treatment and early relapse
(49). RAS mutations are enriched in relapsed BCP-ALL, frequently arising from minor
subclones already present at diagnosis. MEK inhibitors also provide strong synergy with
dexamethasone treatment in RAS-mutated BCP-ALL by enhancing functional BIM levels
(50). Additionally, inhibition of the MAPK-ERK signaling cascade in ALL may enhance
steroid sensitivity via the upregulation of p53 (51). Results from these and other studies
formed the basis of the phase I/Il SeluDex trial (CT03705507) for mutant N/KRAS- (or
FLT3, PTPN11 or cCBL) relapsed/refractory BCP-ALL and T-ALL patients (28, 50). Our
data indicates that JAK1 and /IL7Ra mutations could be included in the ‘RAS-activating
mutations panel’ in the current SeluDex trial. As the MAPK-ERK pathway may represent
a central junction for more signaling pathways than (mutant) IL7R-signaling, the effect
of combined MEK inhibitor and steroid treatment seems beneficial for a large group
of T-ALL patients.

In conclusion, MAPK-ERK pathway inhibitors — and in particular MEK inhibitors —
potentiate steroid-induced cell death by preventing the inactivation of (steroid-induced)
pro-apoptotic BIM. Our data highlight the importance of MAPK-ERK signaling in T-ALL,
since the synergistic effect of MEK inhibitors with steroids is not limited to IL7-induced
signaling or the presence of specific activating (mutational) events. By expanding the
inclusion criteria for the current SeluDex trial, the clinical effect of MEK inhibitors may
be studied for more relapsed/refractory T-ALL patients to substantiate the potential use
of combined MEK inhibitor and steroid therapy in future (first-line) treatment regimens.
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A

PDX name | AUC Prednisolone (-IL7) | Prednisolone (+IL7) | Ratio
6206Rel 100.70 66.24
5716 142.80 105.80
1946 260.40 206.10
1950 181.70 148.00
L861 107.90 100.30
6953Dx 102.60 95.97
335 140.10 133.00
3977 221,60 211.90
L9HB0 220.60 212.70
1643Dx 134.50 130.00
COG17Dx 124.10 122.40
257 143.30 143.50
14643Rel 248.10 249.30
8148Rel 167.20 168.40
3920 149.70 150.80
COG17Rel 296.10 304.60
179 211.00 217.20
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Supplemental Figure 1. (A) Cell toxicity screening of 46 T-ALL PDX samples in IL7 treated and un-
treated condition. Area Under the Curve (AUC) values represent steroid response (range 3.16nM-
31.6uM prednisolone). Samples that demonstrated >1.5 fold increase in prednisolone AUC in
presence of IL7 were assigned to the ‘IL7-responsive’ group. In our analysis, AUC values exceeding
400 were corrected to this maximum AUC in a 5-log dynamic concentration range of prednisolone.
(B) Western blot of selected T-ALL PDX samples to study downstream STA5B and AKT pathway
activation. (C) Steroid sensitivity screen of three selected (and representative) IL7-responsive PDX
samples, that demonstrated a >1.5 fold increase in prednisolone AUC in IL7-treated condition. (D)
Steroid sensitivity screen of two selected (and representative) IL7-independent steroid resistant
PDX samples with an AUC exceeding 200.
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MAPK-ERK is a central pathway in T-cell acute lymphoblastic leukemia
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Supplemental Figure 2. (A) Western blot of wild-type and cysteine-mutant IL7Ra cells that were
induced (second lane and third lane in each individual blot, +DOX) and treated with 2uM of MEK
inhibitor CI1040 (third lane only). (B-C) Protein phosphorylation of ERK and BIM at increasing
concentration of MEK inhibitor trametinib (range 0-100uM) in JAK1™%** and NRAS®*?® overex-
pressing cells. (D) Four-day ATP-light cell viability screen with selumetinib and trametinib (range
0.0032-10uM) in JAK1™%%4, NRAS®¥?P and IL7RP'1240-244RFCPH derjyate cell lines.
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Supplemental Figure 3. (A) BIM iBAQ values of three individual NRAS®*?° overexpressing cell
samples +/- a one day doxycycline-induction in the absence or presence of prednisolone (250 ug/
ml) as measured by mass spectrometry (adapted from supplemental table 1). (B) Western blot of
NRAS%?P gverexpressing SUPT-1 cells treated with prednisolone (250 ug/ml) and/or bortezomib
(0, 1 or 5nM) overnight. BIM-EL band intensity was scanned, whereas lane 1 serves as reference
for lane 2 and 3 and lane 4 serves as reference for lane 5 and 6.
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Supplemental Figure 4. (A-B) BIM-immunoprecipitation of JAK1?7?*" and NRAS®*?® mutant cells.
Lane 1-4: total lysate of induced and non-induced cells incubated overnight in the absence or pres-
ence of 250 ug/ml prednisolone. Lane 5-6: BIM-immunoprecipitation of corresponding samples,
studying differences in the binding of BIM to anti-apoptotic BCL-2 family members (MCL-1, BCL-2
and BCL-XL). (C-D) Reversed immunoprecipitation of BCL-2 and MCL-1 respectively in NRAS®?°
overexpressing cells. (E) Western blot and BIM-immunoprecipitation of NRAS'?° overexpressing
SUPT-1 cells treated with prednisolone (250 ug/ml) overnight. Lane 2 and 4 lysates were also
treated with 5nM bortezomib simultaneous of prednisolone treatment. BIM-EL band intensity of
doxycycline-induced cells was scanned, whereas the BIM-EL abundance of bortezomib untreated
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samples was taken as reference.

A JAK]T01A B NRASE120
® - - + + + DOXYCYCLINE - = g + = + Doxvevcune
+ + + + + + PREDNISOLONE + + o + 3 % PREDNISOLONE
- + - - + - SELUMETINIB + = = + SELUMETINIB
- - + - - + RuxoLmiNi @ E ok B § % Ruxoumnis

e B - - PJAK1
‘ - BIM-EL
] e
BIM-L
BIM-S
o O B | o
5 — BIM-S PERK1/2
b‘ b ! - : - ] d PERK1/2 MCL1
McCL1 BCL2
BCL2 BCLXL
BCLXL ToTAL LYSATE

TOTAL LYSATE

-+ + + 7
- - 4+ - SELUMETINB
- - - + Ruxoumini

e
R ) e

BIM-EL

BIM-L
BIM-S

B-AcTIN

Supplemental Figure 5. (A-B) Total lysates of BIM-immunopricipitation JAKI™%* NRAS®*?®> mutant
cells. In addition to doxycycline-induction and prednisolone treatment (250 ug/ml prednisolone),
samples were treated with either 2uM ruxolitinib or 10uM selumetinib. (C) Western blot of IL7-in-
duced signaling of PDX Z1808, treated with either 2uM ruxolitinib or 10uM selumetinib.
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Supplemental Figure 6. (A) IL7-enhanced viability of six untreated ‘IL7-dependent steroid resis-
tant’ PDX samples (left), and the cell viability of these samples when treated with prednisolone,
ruxolitinib or selumetib in the presence or absence of IL7. ‘IL7-dependent steroid resistant’ PDX
samples were defined by an increase in prednisolone AUC by >1.5 fold in the presence of IL7 with a
minimal AUC of 175 in the presence of IL7. Fold IL7-enhanced viability was defined by the relative
increase in cell viability in the presence of IL7 relative to viability in the absence of IL7 (normalized
to 1, supplemental table 2). Each individual sample is illustrated by matching colors and symbol.
(B) IL7-enhanced viability (left) and drug-treated cell viability represented in AUC (right) in six
‘non-IL7-dependent steroid resistant’ PDX samples. ‘Non-IL7-dependent steroid resistant’ PDX
samples were defined by a lack of significant (e.g. 1.5 fold) change in prednisolone AUC in the
presence of IL7, but with a minimal AUC of 200 in either condition.
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Supplemental Figure 7. Combination index (Cl) range of (A) six ‘IL7-independent steroid resistant’
PDX samples or (B) six ‘IL7-dependent steroid resistant’ PDX samples, treated with prednisolone
and selumetinib (left) or prednisolone and ruxolitinib (right) in the absence (top) or presence
(bottom) of IL7. Combination treatment was performed according to the previously described
SynergyFinder method (supplemental materials and methods). Cl values of the complete thera-
peutic window are illustrated, which was demarcated by the minimal cell viability when treated
with prednisolone and selumetinib or ruxolitinib, and the maximal cell viability at the highest
concentration of selumetinib or ruxolitinib.
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Supplemental Table 1. iBAQ values of qualitative unbiased mass spectrometry analysis of
triplicate BIM-immunoprecipitations in SUPT-1 NRAS G12D overexpressing cells. NODOX= -dox-
yeycline -prednisolone condition. DOX = +doxycycline -prednisolone condition. PRED = -doxycycline
+prednisolone condition. DOXPRED = +doxycycline +prednisolone condition. iBAQ_BIM_corrected
=iBAQ values corrected for BIM iBAQ input value (iBAQ protein/iBAQ BIM); correcting for technical
differences and potential proteasomal degradation.

Online link to Table S1: https://tinyurl.com/Chap4-SupTablel-Jordy-vd-Zwet

Supplemental Table 2. Proliferation of IL7 treated T-ALL patient PDX cells. Light green
samples represent IL7-independent steroid resistant PDX cells, dark green samples represent
IL7-dependent steroid resistant PDX cells.

Online link to Table S2: https://tinyurl.com/Chap4-SuppTable2-Jordy-vd-Zwet

Supplemental Table 3. IC50 values of prednisolone, selumetinib and ruxolitinib used for
the SynergyScreen of T-ALL PDX cells. Light green samples represent IL7-independent steroid
resistant PDX cells, dark green samples represent IL7-dependent steroid resistant PDX cells.
When an IC50 could not be determined due to significant insensitivity to selumetinib or ruxoli-
tinib, a fixed concentration of 0.32 or 1uM was used in the SynergScreen (indicated by ** or
*** for selumetinib or ruxolitinib respectively).

Online link to Table S3: https://tinyurl.com/Chap4-SuppTable3-Jordy-vd-Zwet
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SUPPLEMENTAL MATERIALS AND METHODS

Gateway cloning of lentiviral expression vectors and virus production

Gateway multi-site recombination (Invitrogen) was used to simultaneously clone
multiple DNA fragments into the lentiviral pLEGO-iC2 destination vector (Addgene).
Inserted DNA fragments consisted of a 3™ generation doxycycline-inducible promoter
(Clontech), human cDNA sequence (no stop-codon), protein-tag (DDK, T2A (Thosea
asigna virus 2A peptide)-mTagBFP, or none), WPRE and a constitutive pSFFV promoter
for a TETon-T2A-puromycin resistance cassette. HEK293T cells were transfected with the
pLEGO derivative lentiviral expression vector DNA and pMD2.G (VSV-G), pMDLg/pRRE,
and pRSV-REV support vectors (Addgene) using X-tremeGene HP DNA Transfection
reagent (Roche). Transfection was performed in DMEM medium supplemented with
10% (v/v) heat-inactivated fetal calf serum (FCS), 1x Glutamax, 1% (v/v) penicillin/
streptomycin, and 0.25 pg/ml Fungizone. Following transfection, lentivirus particles
were produced and collected in serum-free Opti-MEM1 (Thermo Fisher Scientific) for 48
hours, filtered through a 0.45 uM filter (Sartorius) and concentrated by centrifugation
using VIVASPIN 20 concentration columns (Sartorius).

Generation of cell lines

Lentiviral transduction was applied to obtain SUPT-1 cell lines containing various
different expression vectors. After transduction, cells were cultured in RPMI-1640
medium (Gibco) supplemented with 1x Glutamax, 10% heat-inactivated fetal bovine
serum (Gibco), 2% pencillin/streptomycin (Gibco) and 0,4% Fungizone (Gibco).
Transduction efficiency was further enriched by selection in medium containing 1-2 ug/
mL puromycin. Transduction efficiency was determined by flow cytometry by staining
for intracellular DDK, mTagBFP signals or CD127 expression. Expression of the cloned
human cDNA insert and/or DDK was induced by doxycycline (0.5 pug/ml) for 16 to 24
hours.

Cytotoxicity assays

SUPT-1 cells were plated at a concentration of 0,2x10° cells/mL in RPMI-1640 medium
supplemented with puromycin, as described above, in the presence or absence of
prednisolone. Viability after four days was measured by methylthiazolyldiphenyl-
tetrazolium bromide (MTT, Sigma Aldrich). Cytotoxicity screen of PDX samples was
performed as previously described (1) in the presence or absence of 25 ng/ml IL7
(R&D Systems) in RPMI-1640 medium (Gibco) supplemented with 1x Glutamax, 20%
heat-inactivated fetal bovine serum (Gibco), 2% pencillin/streptomycin (Gibco) and
0,4% Fungizone (Gibco). PDX cells were plated at a concentration of 1x10° cells/ml,
and viability after four days was measured by ATPlite 1Step (Perkin Elmer, Groningen,
The Netherlands).
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Cytotoxicity combination screen (SynergyFinderTM)

PDX cells were plated at a concentration of 1x10° cells/ml, and viability after four
days was measured by ATPlite 1Step (Perkin Elmer, Groningen, The Netherlands).
The SynergyFinder™ screen was performed as previously described (1, 2). For each
individual sample, the IC,  value was determined for prednisolone, selumetinib and
ruxolitinib. Next, cells were treated in a 1:1 ratio with prednisolone and selumetinib
or ruxolitinib, with individual drug concentrations ranging from 0.01 to 10 times its
IC,, (e.g., 0.01, 0.032, 0.10, 0.32, 1.0, 3.16 or 10 times ICSO). When an IC,, could not
be determined due to significant insensitivity to selumetinib or ruxolitinib, a fixed
concentration of 0.32 or 1uM was used respectively versus a 0.01 - 10 times IC,, range
of prednisolone (Supplemental table 3). By non-linear regression analysis, the 7-point
viability curve was converted to a slim-fitted curve (red and blue curves in the example
below). The therapeutic window per treatment per sample was demarcated by the
minimal cell viability in the combination treatment, and the maximal cell viability at
the highest concentration of prednisolone or selumetinib/ruxolitinib (colored area,
‘fraction affected’). For the fraction affected, the combination index was calculated
per percent viability (Supplementary Figure 6). The average of all these combination
index values was taken as an overall synergy score per individual sample (CI*V, Figure
5c). Two examples are illustrated below. Left: single compound treatment (prednisolone
and selumetinib or ruxolitinib) and the combination treatment (red or blue lines).
Based on all three curves, the fraction affect was determined and used to calculate
the combination index per percent viability (each dot represents a Cl value).
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Immunoblot analysis
Cell pellets were lysed using KLB (kinase lysis buffer) lysis buffer and 25-50 pg of
protein was loaded on BioRad Mini-Protean® TGX™ any-kd precast gels unless specified
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elsewhere. KLB lysis buffer consists of 25mM Tris (pH 7.4), 150mM NaCl, 5mM EDTA,
1% Triton X-100, 10% mM glycerol, 10mM sodium-pyrophosphate, 1ImM sodium-
orthovanadate and 10mM glycerolphosphate, and was supplemented with 2mM DTT,
1mM PMSF, 1% aprotinin, 10mM sodium-fluoride, and sodium-pervanadate (86%
orthovanadate (50mM) and 14% H,0, (30%)). In cells treated with lambda phosphatase
(NEB P0753S, Bioke), phosphatase inhibitors (EDTA, sodium-pyrophosphate, sodium-
orthovanadate, glycerolphosphate, sodium-fluoride and sodium-pervanadate) within the
KLB lysis buffer are diluted. Explicitly, cell lysates were treated with lambda phosphatase
ex-vivo in the lysis buffer. Protein was then transferred on the 0.2 um nitrocellulose
membrane using the Trans-Blot® Turbo™ Transfer System (BioRad). Primary antibodies
used for Western blot protein detection are: DKDDDDK Tag antibody (#2368), phospho-
ERK (#4370), phospho-MEK (#9121), BCLXL (#2764), MCL1 (#4572 and #sc12756), BAK
(#12105); Abcam BIM (#ab32158), B-Actin (#ab6276); R&D Systems IL7R alpha/CD127
(#MAB306), all from Cell Signaling, BCL2 (#sc-130308; Santa Cruz Biotechnology) and
RAS (#05-516; Merck Millipore). Following primary antibody incubation, blots were
thoroughly washed and stained with IRDye fluorescent secondary antibodies (LI-COR).
Fluorescent signals were measured with the Odyssey-CLx Imaging System (LI-COR).

RNA isolation, cDNA synthesis and quantitative real-time reverse-transcription PCR
(RTQ-PCR)

RNA was isolated with TRIzol reagent (Thermo Fisher Scientific) according to the
guidelines of the manufacturer with minor modifications as described before (3).
RNA was denaturated for 5’ at 70 °C, and reverse transcribed into cDNA using a mix
of random hexamers (2.5uM, Life Technologies) and OligodT primers (20nM, Life
Technologies). The RT-reaction was performed in a mixture containing 0.2mM dNTPs
(Promega), 200U Moloney murine leukemia virus reverse transcriptase (Promega) and
25U RNAsin (Promega). Conditions for the RT-reaction were 37°C for 45 minutes and 42
°C for 15 minutes followed by an enzyme inactivation step at 94 °C for 5 minutes. RTQ-
PCR reactions were performed by using the DyNAmo HS SYBR Green gPCR Kit (Thermo
Fisher Scientific) under 1X conditions, supplemented with 4mM MgCl, (Thermo Fisher
Scientific), 3,75pmol forward and reverse primers, 10ng cDNA and dH,Oin a total volume
of 12.5 pL using the CFX384 Touch-Time PCR Detection System (Biorad). Expression level
of BIM was quantified relative to the expression level of the endogenous housekeeping
gene glyceraldehyde-3-phosphatedehydrogenase (GAPDH). Conditions for the RTQ-
PCR-reaction were 95 °C for 10 minutes, followed by 40 cycles of 95 °C for 10 seconds
and 60 °C for 1 minute, followed by a dissociation step (60-94) for melting temperature
analysis. Expression levels were calculated as percentage of GAPDH expression using
the equation: relative expression = 22C x 100%); where ACt = Ctgappy — Ctyene-
Primers used are: GAPDH Fw primer 5-GTCGGAGTCAACGGATT-3’, GAPDH Rev primer
5-AAGCTTCCCGTTCTCAG-3’; BIM Fw primer 5-GCGCCAGAGATATGGAT-3’, BIM Rev
primer 5-CGCAAAGAACCTGTCAAT-3".
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Mass spectometry

Doxycycline-induced and non-induced SUPT-1 NRAS®'?? cell lysates were cultured in the
presence or absence of 250 pg/ml prednisolone for 24 hours. BIM-immunoprecipitation
was performed as described in the method section of the manuscript. For mass
spectrometry, these IP products of SUPT-1 NRAS®'?® were cleaned using S-Trap (Protifi)
prior to LC-MS/MS analysis. Elution of the beads was performed under reducing
conditions. Samples were heated for 10 minutes at 95 °C and allowed to cool down
before alkylation using 100uL IAA (10 mg/mL) in 10% SDS for 30 minutes in the dark.
The samples were spun down for 8 minutes at 13,000 x g before addition of 10 uL 12%
phosphoric acid. After addition of 1.5 mL S-Trap binding buffer (90% MeOH, 100mM
TEAB, pH 7.1), the protein mixture was added in steps of 190 pL to the S-Trap Mini
Spin Column(Protifi) and spun down at 4,000 x g. Proteins were bound to the protein
filter and the flow-through was discarded. The trapped proteins were washed three
times using 150 puL S-Trap binding buffer. Proteins were digested using 0.75ug trypsin
(Promega) in digestion buffer (50mM AMBIC) for 1 hour at 47 °C. Peptides were eluted
in multiple steps by centrifugation at 4,000 x g using the following buffers sequentially:
40 uL 50mM AMBIC, 40 uL 0.2% FA and 35 puL 50%ACN/0.2% FA. Eluates were combined,
dried down and stored at -20 °C until LC-MS/MS analysis.

LC-MS/MS analysis

Dried peptides were reconstituted in 50 uL 2% FA of which 6 pL was analyzed by LC-MS/
MS using an Agilent 1290 system coupled to a Q-exactive HF-X (Thermo Scientific).
Peptides were loaded onto a trap column (100um inner diameter and 2 cm length,
packed with ReproSil-Pur 120 C18-AQ 3 um resin material) with a flowrate of 5 pL/
min in loading solvent A (0.1% FA in HPLC grade water). Peptides were separated on an
analytical column (75um inner diameter and 50 cm length, packed with Poroshell 120
EC-C18 2.7 um) by increasing the concentration of buffer B (80% ACN/0.1%FA) from 8%
to 32% during a 2 hour gradient. Peptides were ionized using electrospray operating at
1.9kV. The Q-Exactive HF-X was operating in data-dependent acquisition mode, using
the following settings for full scan mode: a scan range of 375-1600 m/z, AGC target
of 3e6 and a resolution of 60,000 and maximum injection time 50 msec. The MS2
scan settings were as follows: resolution of 30,000, AGC target of 1e5, loop count of
12 and maximum injection time 120msec. Peptide fragmentation was achieved using
normalized collision energy of 27. The dynamic exclusion was set to 16 seconds and the
isolation window was 1.4m/z.

MS data processing and analysis

Raw MS data files were searched using MaxQuant software (v1.6.7.0). MS/MS spectra
were searched using Andromeda against a reviewed human database (Uniprot, March
2017). Trypsin was used as digestive enzyme and up to two missed cleavages were
allowed. Oxidation (M) and acetylation (N-terminus) were set as variable modifications,
carbamidomethyl (C) was set as fixed modification. Filtering was performed at 1% false
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discovery rate (FDR) at both the PSM and protein level. Mass tolerance was set to
20ppm for MS/MS. iBAQ quantification was performed.

Data was analyzed using Perseus (v.1.6.10.0). The iBAQ values of the proteinGroups.txt
file were loaded into Perseus. Potential contaminants, peptides only identified by site
and reversed sequences were filtered out. iBAQ values for corresponding proteins were
corrected for BIM protein abundancy of each individual sample (e.g. protein iBAQ/BIM
iBAQ). Proteins that bound to IgG or antibody control IP-experiments were excluded
from further analysis.

In vitro phosphorylation assay

The experimental set up was adapted from (4). Briefly, human active (MEK-activated)
recombinant ERK1 (R&D systems, Cat nr 1879-KS-01; Lot nr 1534614) and human
recombinant BIM-L (R&D systems, Cat nr: 1325-BL-050; Lot nr HUMO0718101) were
diluted in kinase reaction buffer (20mM HEPES pH 7.4, 10mM DTT, 100uM EGTA, 10mM
MgCl,) in a 1:3 kinase : substrate weight ratio (150ng ERK1 and 450ng BIM, respectively)
in the presence or absence of 100uM ATP. Samples were incubated in a thermomixer at
37° for 1 hour with gentle shaking. After 1 hour the reaction was stopped by adding 4x
Laemmli buffer containing 200mM DTT. Samples were denatured for 5 minutes at 95°
and one third of the total reaction (corresponding to 50ng ERK1 and 150ng BIM) was
loaded on gel for SDS-PAGE and western blotting. Antibodies used for staining were
Abcam BIM (#ab32158) and ERK (CST, L34F12).
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ABSTRACT

Resistance to steroid treatment is frequently observed in pediatric T-cell acute
lymphoblastic (T-ALL) and predicts for inferior outcome. Physiological or mutational
activation of the IL7R signaling cascade can facilitate steroid resistance. Activation of
the IL7R leads to activation of the downstream MAPK-ERK, PI3K-AKT and STAT5 signaling
pathways. Steroid-induced expression of pro-apoptotic BIM is essential to induce
apoptosis in lymphoblasts treated with synthetic glucocorticoids like prednisolone.
BIM binds and neutralizes anti-apoptotic Bcl2-protein family members, of which some
can be upregulated downstream of the STAT5B or PI3K-AKT pathways. Activation of
the MAPK pathway provokes steroid resistance by phosphorylation, which inactivates
pro-apoptotic BIM. MEK-inhibitors were shown effective to restore a steroid-sensitive
phenotype. Here, we studied whether BH3-mimetic compounds directed towards
BCL2 (ABT-199) or MCL1 (S63845 or AZD5991) would synergistically enhance steroid
sensitivity when combined with the MEK-inhibitor selumetinib. Whereas selumetinib
synergizes with prednisolone treatment in both IL7-independent and IL7-dependent
steroid resistant T-ALL patient cells, the ABT-199 BH3-mimetic only synergized with
steroid treatment in IL7-dependent steroid resistant T-ALL cells. The triple combination
prednisolone/selumetinib/ABT-199 but not the combination steroid/selumetinib/
AZD5991 was strongly synergistic in both IL7-independent and IL7-dependent steroid
resistant T-ALL PDX cells. However, addition of ABT-199 to combined prednisolone/
selumetinib treatment did not further enhance the mitochondrial priming of MAPK-
ERK activated SUPT-1 T-ALL cells compared to prednisolone/selumetinib treatment
only as determined by BH3-profiling analysis. Our work concludes that the dynamic
balance between pro- (BIM) and anti-apoptotic (BCL2, BCL-XL and MCL1) proteins is an
important determinant for steroid responsiveness, for which the preservation of the
pro-apoptotic BIM response by MEK-inhibition seems generally superior to enhance
steroid responsiveness than inhibition of anti-apoptotic molecules.
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INTRODUCTION

Pediatric T-cell acute lymphoblastic leukemia (T-ALL) is a high-risk hematological
malignancy characterized by the malignant expansion of immature T-cells. Due to
improved risk-stratification and intensive chemotherapeutic treatment regimens,
including high dose synthetic steroid treatment, 5-year overall survival rates up to
81% are currently achieved for T-ALL (1, 2). However, resistance to steroid treatment
is related to inferior outcome, indicating that novel treatment strategies are required
for patients with steroid resistant leukemia (3, 4). Steroid treatment activates the
glucocorticoid receptor (NR3C1) and triggers its cytoplasmic to nuclear translocation,
where it serves as a transcription factor at glucocorticoid responding elements (GREs)
(5). Of its transcriptional target genes, upregulation of BIM seems most pivotal to
promote steroid-induced cell death. The BH3-only pro-apoptotic BIM protein directs
the apoptotic balance by interaction with anti-apoptotic Bcl2-protein family members
BCL2, BCLXL and MCL1 (6-8). Steroid-induced upregulation of BIM alters this apoptotic
balance, and promotes the initiation of mitochondrial apoptosis via the BAK and BAX
executioner proteins (9).

Events that inactivate BIM —including phosphorylation of the steroid receptor (NR3C1)
at Ser'** the epigenetic silencing of BIM or inactivating phosphorylation of BIM — are
identified as mechanisms that contribute to steroid resistance in T-ALL patient cells
and/or patient-derived xenograft (PDX) samples (10-14). We recently demonstrated that
phosphorylation of BIM-EL and BIM-L isoforms by active MAPK-ERK signaling specifically
impairs its binding and neutralization of anti-apoptotic Bcl2-family proteins, which
therefore drives steroid resistance (14). Since the MAPK-ERK pathway is activated by
interleukin-7 (IL7) or IL7-receptor (IL7R) signaling pathway mutations (i.e. in ~25% and
~35% of T-ALL patients respectively), this pathway reflects an important contributor to
steroid resistance in T-ALL (14). We demonstrated that MEK-inhibitors restore a steroid
sensitive phenotype by preventing ERK-dependent phosphorylation of steroid-induced
BIM (14, 15). Due to the importance of BIM to neutralize the anti-apoptotic molecules
BCL2, BCL-XL and MCL1 in maintaining a steroid sensitive phenotype, it is tempting
to speculate that therapeutic inhibition of these anti-apoptotic Bcl-2 protein family
members using BH3-mimetics could further improve the steroid responsiveness of
MEK-inhibitor treated T-ALL cells.

Treatment with BH3-mimetics, that bind and neutralize anti-apoptotic BCL2 protein
family members, have emerged as a promising strategy to treat multiple cancer types
(16). Their effectiveness in hematological malignancies was first highlighted in chronic
lymphocytic leukemia (CLL), a disease characterized by high BCL2 expression (17).
By means of BH3-profiling, a dependency on BCL2 is also identified in early thymus
progenitor-ALL (ETP-ALL), a T-ALL entity that is characterized by high BCL2 protein
expression (18-20). Both protein expression and mitochondrial-dependency gradually
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change towards BCL-XL at more advanced T-cell developmental stages and T-ALL
subtypes (19). This change in BCL2 to BCL-XL dependency from ETP-ALL to more mature
T-cell developmental stages correlates with the sensitivity to BCL2-inhibitor venetoclax
(ABT-199) or the BCL2/BCL-XL-inhibitor navitoclax (ABT-293) treatment respectively (18,
19). Recent clinical reports showed promising results for venetoclax treatment with or
without navitoclax in pediatric and adult T-ALL (21, 22). Currently, two pediatric T-ALL
phase 1 trials are active for venetoclax (NCT03236857) or venetoclax combined with
navitoclax (NCT03181126).

In contrast to BCL2 and BCL-XL, MCL1 protein levels in leukemic blasts are reported to
be comparable to healthy peripheral blood cells (23). Moreover, MCLI mRNA expression
levels are lowest in acute leukemia compared to other cancer types (Broad Institute
Cancer Cell Line Encyclopedia). Nevertheless, T-ALL cell lines and a T-ALL zebrafish model
responded well to MCL1-inhibition (24, 25). For MLL-rearranged infant ALL patients, it
was demonstrated that high MCL1 levels predict for steroid resistance (26). In line with
this, we previously demonstrated that MCL1 itself is upregulated by steroid treatment,
possibly by acting as a direct target gene of NR3C1 (14). MCL1 inhibitors AZD5991 and
AMG176 have already been proven as effective drugs in melanoma and AML models
(24, 27) and MCL1-inhibition has been demonstrated to relieve venetoclax-resistance in
various hematological malignancies (28-30). Venetoclax treatment results in increased
MCL1 protein expression in T-ALL cell lines, possibly as a compensatory mechanism,
which could explain the synergistic effect for combined MCL1 inhibitor S63845 and
venetoclax treatment in T-ALL cell lines and a T-ALL zebrafish model (25). These studies
stress the potential of MCL1 inhibition in T-ALL, which has been translated into a clinical
trial for MCL1-inhibitor AZD5991 for relapsed/refractory hematologic malignancies
(NCT03218683) (27).

Both physiological interleukin-7 (IL-7) induced signaling and activating IL7R pathway
mutations in T-ALL blasts have been associated with steroid resistance and facilitate
the inactivation of pro-apoptotic BIM, as well as the upregulation of anti-apoptotic
molecules such as BCL2 and BCL-XL (14, 15, 31, 32). Additionally, high expression of
BCL2 was previously associated with a slow early treatment response (31). For this
reason, we aimed to investigate whether combined MEK-inhibitor and BH3 mimetic
treatment could synergistically enhance steroid responsiveness in IL7R signaling active
and steroid-resistant T-ALL cells.

METHOD AND MATERIALS

Generation and culturing of cell lines

Cell lines were generated as previously described (14, 33). SUPT-1 cells were cultured in
RPMI-1640 medium (Gibco) supplemented with 1x Glutamax, 10% heat-inactivated fetal
bovine serum (Gibco), 2% penicillin/streptomycin (Gibco) and 0,4% Fungizone (Gibco).
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Transduction efficiency of SUPT-1 was enriched by selection in medium containing
1-2 pg/mL puromycin. T-ALL PDX cells were cultured in RPMI-1640 medium (Gibco)
supplemented with 1x Glutamax, 20% heat-inactivated fetal bovine serum (Gibco), 2%
pencillin/streptomycin (Gibco) and 0,4% Fungizone (Gibco), in the absence or presence
of 25 ng/ml IL7 (R&D Systems).

Cell toxicity screens for PDX cells

Cell toxicity screens for double inhibition were performed as previously described (14).
For the triple inhibition, we treated cells with prednisolone, selumetinib and either ABT-
199 or AZD5991 in a 1:1:1 ratio. For this, the IC_  of each compound for each individual
PDX sample was determined. Next, a compound mixture with all three compounds
in a 1:1:1 ratio with 1/3 of each drug IC, was generated (i.e. 1/3xIC_, prednisolone +
1/3xIC50 selumetinib + 1/3xIC50 BH3-mimetic). Cells were treated with this mixture in a
7-point toxicity screen, with drug concentrations ranging from 0.01 to 10 times its IC50,,
(e.g..,0.01,0.032,0.10,0.32, 1.0, 3.16 or 10 times IC, ) in equal ratios. Cell viability was
measured after four days by ATPlite 1 Step (Perkin Elmer, Groningen, The Netherlands).

Immunoblot analysis and BIM-immunoprecipitation

Immunoblot analysis and BIM-immunoprecipitation of SUPT-1 cells treated with
prednisolone (62,5ug/ml), selumetinib (1uM), ABT-199 (1uM) and/or S63845 (100nM)
was performed as previously described (14). Primary antibodies used for Western
blot protein detection are: phospho-ERK (#4370), BCLXL (#2764), MCL1 (#4572 and
#sc12756), Abcam BIM (#ab32158), B-Actin (#ab6276); BCL2 (#sc-130308; Santa
Cruz Biotechnology) and RAS (#05-516; Merck Millipore). Primary antibody used for
immunoprecipitation is Abcam BIM (#ab32158), primary antibody for Western Blot
protein detection of immunoprecipitated-BIM is BIM (#2933; Cell Signaling). IRDye
fluorescent secondary antibodies were used (LI-COR). Fluorescent signals were
measured with the Odyssey-CLx Imaging System (LI-COR).

Annexin V staining

SUPT-1 cells were treated with prednisolone (62,5ug/ml), selumetinib (1luM), ABT-199
(1uM) and/or S63845 (100nM) for 16 hours. After treatment, cells were washed with
PBS buffer, and resuspended in Annexin V binding buffer (Invitrogen, cat# V13246).
Subsequently, AnnexinV antibody (Biolegend cat# 640920, dilution 1:20) was added
and incubated at room temperature for 15 minutes. After incubation, AnnexinV-APC
positivity was measured by flowcytometry (ZE5 cell analyzer, Bio Rad).

iBH3-profiling of cell lines

Intracellular BH3 profiling was performed by flow cytometry to assess the effects of
the hBIM BH3 peptide (Acetyl-MRPEIWIAQELRRIGDEFNA-Amide, rapid depolarization
when BAX/BAK are functional), or PUMA2A mutant control peptide (Acetyl
-EQWAREIGAQARRMAADLNA- Amide, no depolarization) on cytochrome c release, a
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surrogate measurement for mitochondrial outer membrane permeabilization (MOMP).
Alamethicin was used as a positive internal control for maximal BAX/BAK independent
MOMP. Doxycycline-induced and non-doxycycline induced SUPT-1 cells were treated
for with prednisolone (62,5ug/ml), selumetinib (1uM), venetoclax (1uM) and/or
$63845 (100nM) for 20 hours. After incubation, 1 million SUPT-1 cells per condition
were harvested, washed once with PBS, and subsequently resuspended in 1ml room-
temperature DTEB buffer (135 mM trehalose, 50 mM KCI, 20 mM EDTA, 20 mM EGTA, 5
mM succinate, 0.1% BSA, 10 mM HEPES-KOH. Final pH 7.5). Per condition 8 FACS tubes
(3xhBIM, 4xPUMA2A, 1x20uM Alamethicine) were prepared with 100ul DTEB buffer
containing 0.002% (w/v) digitonin and optimized concentrations of the peptides (to
achieve cytochrome c release between 20-60% in the vehicle sample, SUPT-1 5uM).
100,000 cells were added to the FACS tubes and incubated for exactly 40 minutes at
20°C. Cells were fixed by the addition of 60ul 8% paraformaldehyde (in PBS) for 15
minutes. Subsequently, 40ul Cytochrome C staining (1:40 anti-cytochrome C antibody,
AF647 (BD Biosciences, San Jose, CA #558709) in staining buffer (20% FBS, 10% BSA,
1% Saponin, 3 mM Sodium Azide in PBS) was added to all tubes except one PUMA2A
FMO control (add buffer without antibody). Cells were incubated overnight at 4°C
and acquired with the ZE5 cell analyzer (Bio Rad) and analyzed with FlowJo software
(Version 10, Treestar, Ashland, OR, USA). The median fluorescence intensity (MFI) of
the cytochrome c stain in single alive cells was used to calculate Cytochrome c release
as described below and graphed normalized to the -doxycycline vehicle condition. Only
experiments in which the Alamethicin internal positive control showed an expected
80% release in all conditions were used for analysis.

Cytochrome c release = 1 - (hBIM- avgFMO) / (avgPUMA2A — avgFMO) *.
*avgFMO = all conditions, avgPUMA2A = triplicates within treatment condition.

RESULTS

MEK inhibitors combined with BCL2- or MCL1- inhibitors reinforce the pro-apoptot-
ic capacity of BIM in MAPK-ERK activated cells

High MEK-ERK activity by IL7-induced or aberrant IL7R signaling due to activating
mutations in signaling molecules importantly contribute to steroid resistance in
T-ALL patients. This results in the phosphorylation and therefore inactivation of pro-
apoptotic BIM, an important and direct target gene of the steroid receptor NR3C1
(14). Phosphorylated BIM is unable to bind and to neutralize anti-apoptotic family
members including BCL2, BCL-XL and MCL1. Treatment with MEK-inhibitors block
phosphorylation of BIM, which secures neutralization of anti-apoptotic BCL2, BCLXL
and MCL1 molecules and restores a steroid responsive phenotype of T-ALL cells (14).
We therefore hypothesized that inclusion of BH3-mimetics in steroid/MEK-inhibitor
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combination treatment will further neutralize anti-apoptotic molecules and improve
steroid responsiveness.

To test this hypothesis, we used our doxycycline-inducible SUPT-1 NRAS®?° cell line
model that strongly activates MEK-ERK signaling upon doxycycline exposure (+dox).
Whereas non-induced SUPT-1 or P12-Ichikawa NRASS!?° cells remain steroid sensitive,
NRAS®*?® induced cells become highly resistant to steroid treatment (14, 15). We first
treated these SUPT-1 cells with prednisolone in the presence or absence of the MEK-
inhibitor selumetinib, the BCL2-specific BH3-mimetic ABT-199, the MCL1-specific
BH3-mimetic S63845 or their combinations. In the absence (-dox) or presence (+dox)
of NRAS®?P expression, total protein lysates were collected for all these conditions.
NRAS®2 expression highly activated MAPK-ERK signaling, which resulted in the strong
phosphorylation of BIM-EL and BIM-L isoforms (Figure 1A, lanes 7, 11 and 12), and
was effectively abolished by the MEK-inhibitor selumetinib (lane 8). Treatment with
ABT-199 (BCL2) or S63845 (MCL1) led to increased MCL1 protein levels (lanes 3-6 and
9-12), possibly due to a compensatory mechanism upon BCL2 inhibition or stabilization
of the MCL1 protein respectively.

To investigate the effects of these compounds and their combinations on the function
of steroid-induced BIM in interacting and neutralizing anti-apoptotic molecules MCL1,
BCL2 and BCL-XL, we performed immunoprecipitation experiments. For non-induced
SUPT-1 NRAS®? cells, steroid-induced BIM efficiently bound to these anti-apoptotic
molecules (Figure 1B, lane 1), which was slightly increased upon MEK-inhibitor treatment
(lane 2). ABT-199 (lanes 3 and 5) or S63845 (lanes 4 and 6) treatment readily impaired
binding of BCL2 or MCL1 to BIM, respectively. For doxycycline-induced and steroid-
exposed SUPT-1 NRASE? cells (lane 7), we observed an impaired binding of BIM to all
3 anti-apoptotic molecules. Selumetinib treatment effectively blocked phosphorylation
of BIM and restored the binding of BIM to BCL2, BCL-XL and MCL1 (lane 8). Whereas
the combined steroid treatment with the BCL2 mimetic ABT-199 or the MCL1 mimetic
$63845 compounds resulted in slightly increased binding of BIM to MCL1 or BCL2 (lanes
9-10), respectively, addition of selumetinib treatment strongly enhanced the binding
of BIM to MCL1 (lane 11) or BCL2 (lane 12). From this, we conclude that the addition of
a BH3-mimetic to combined steroid-selumetinib treatment can further potentiate the
binding and neutralization of (non BH3-mimetic targeted) anti-apoptotic molecules by
pro-apoptotic BIM.
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Chapter 5
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Figure 1. (A). Immunoblot analysis of NRAS®*?° overexpressing SUPT-1 cells. Lanes 1-6 represent
protein lysates of cells that do not express the lentiviral vector, and lanes 7-12 represent lysates
of doxycycline-induced NRAS®*?° cells. Cells were treated with prednisolone (62,5ug/ml), selume-
tinib (1uM), ABT-199 (1uM) and/or S63845 (100nM) for 16 hours. (B) BIM-immunoprecipitation
of corresponding cell lysates.
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MEK-inhibitor and BH3-mimetics treatment synergize in steroid-induced cell death
To test if combined selumetinib and BH3-mimetic treatment would increase steroid-
induced cell death, we measured the induction of steroid-induced apoptosis by
measuring the percentage of AnnexinV* cells. For this, we used doxycycline-inducible
SUPT-1 NRASYT cells, that activate MEK-ERK signaling and phosphorylate BIM upon
exposure to doxycycline (not shown). Non-induced SUPT-1 NRAS®'?° cells were sensitive
towards steroid treatment, and over 76 percent of cells died following a 72 hours
treatment with 62,5ug/ml of prednisolone (Figure 2). Single selumetinib, ABT-199 or
S63845 treatment or the combined selumetinib/BH3-mimetic treatment did not increase
cell death. As demonstrated before (14), induction of NRASYT (+dox) significantly
reduced the sensitivity towards prednisolone-induced cell death as compared to the
non-induced (-dox) control condition (white bars, p=0.0002). This steroid resistance
could be significantly prevented by selumetinib treatment (red bar, p=0.0005).
Combined ABT-199 or S63845 treatment with prednisolone also enhanced steroid
sensitivity (dark grey bars). Moreover, ‘triple therapy’ (prednisolone, selumetinib and
ABT-199 or S63845) enhanced steroid-induced apoptosis compared to prednisolone/
selumetinib treated cells. Therefore, this screen demonstrates that both MEK-inhibitors
and BH3-mimetics augment steroid-induced cell death in MAPK-ERK activated T-ALL
cells, and that triple treatment with fixed drug concentrations induces more cell death
than prednisolone/selumetinib or prednisolone/BH3-mimetic duo treatment.
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Figure 2. Annexin V-staining of NRASY™ overexpressing SUPT-1 cells as measured by flowcytom-
etry. Y-axis represent Annexin V positivity. Cells were treated with prednisolone (62,5ug/ml),
selumetinib (1uM), ABT-199 (1uM) and/or S63845 (100nM) for 16 hours. Statistical differences
were calculated with an unpaired t-test (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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MEK-inhibition restores the apoptotic priming of BIM-phosphorylated T-ALL cells
To study if BH3-mimetics combined with steroid/MEK-inhibitor treatment enhances
a pro-apoptotic mitochondrial state, we performed BH3-profiling for SUPT-1 NRASWT
cells under all treatment conditions as mentioned above. This BH3-profiling assay
quantifies the primed apoptotic state of mitochondria in cells by measuring the
cytochrome-c release as a functional read-out for BAK/BAX-executed cell death (34).
High mitochondrial priming indicates that cells are closer towards mitochondrial
outer membrane permeabilization (MOMP), and thus BAX/BAK-executed cell death.
Doxycycline-induction of NRAS"T, which drives a MAPK-ERK dependent phosphorylation
of BIM, lowered the baseline apoptotic priming of SUPT-1 cells as measured by the
decreased cytochrome-c release (black bars, Figure 3A-B). In the presence of steroids,
the apoptotic priming of NRAS"™induced (+dox) cells was enhanced, though lower
compared to non-induced control cells, representing steroid resistance (white bars).
Neither ABT-199 (Figure 3A) nor S63845 (Figure 3B) alone influenced the mitochondrial
priming of non-induced or NRAS"™-induced SUPT-1 cells (light-green and light-yellow
bars; Figure 3A and Figure 3B, respectively), possibly through the upregulation of other
anti-apoptotic proteins as compensatory mechanism as previously observed (Figure 1A).
Moreover, both BH3-mimetics combined with steroid treatment did not further raise
mitochondrial priming in non-induced nor in NRAS“™-induced cells (dark green and dark
yellow bars, Figures 3A and B). In contrast, single selumetinib treatment enhanced the
primed apoptotic state of NRASYT expressing cells, which reflects its ability to restore
non-phosphorylated BIM levels (light red versus black bars, Figures 3C-D). Furthermore,
selumetinib treatment enhanced the apoptotic priming of steroid-treated cells (dark
red versus white bars, Figures 3C-D), which is in line with the previously observed
synergy between selumetinib and prednisolone (14). Addition of ABT-199 or S63845
to the selumetinib/prednisolone combination treatment did not further raise the
mitochondrial priming of these cells (Figures 3C and D). Based on these results, we
conclude that the MEK-inhibitor selumetinib — but not BCL2 or MCL1 BH3-mimetics
nor their combinations — enhances the mitochondrial apoptotic priming of MAPK-ERK-
activated T-ALL cells during steroid treatment.

BH3-mimetics do not antagonize the synergy between MEK-inhibitors and steroid
treatment

Next, we measured the in-vitro therapeutic response of BH3-mimetics and the MEK-
inhibitor selumetinib in a cohort of 46 T-ALL PDX samples. Since S63845 is currently not
clinically approved, we tested the sensitivity of the clinically relevant MCL1-inhibitor
AZD5991 instead (27). The cytotoxic effects of the compounds were defined by their
‘Area Under the Curve’ (AUC), and a maximum AUC of 400 indicated complete drug
resistance. Most PDX samples already demonstrated responsiveness towards single
selumetinib or single anti-BCL2- or anti-MCL1 BH3 mimetic treatment (Figure 4A,
Supplemental Figure 1).

116



A supriNRAsT C  suprinrasw
& g
p 60 B Unrenteo’ = 60 I Unresreo’
< <
4 [ +Preomsorone (Pre) [ +Preonisotone (Pren)’
& 40 & 40
9] [ +ABT-199 v} ] +Sewumennis (Seuw)
& &
3 B +Preo +ABT-199 Z I +Preo +Sew
S 20 g 20
g g ] +Preo +5eay +ABT-199
5 0 5 |y,
= B 5 <& -+ - + DOX +DOX
B SUPT-1 NRASY™ D SUPT-1 NRASYT
g g .
p 60 B Unrenreo? = 60 B Unreteo
ﬁ [ +Preowsoione o’ 3 1 +Peonisoton (Prec)”
T [ +s63845 15 0 =1 +Sewmenns (Seww)
& L
= =1 +Preo +563845 = [ +Preo +Sew
2 20 g 20
£ |_T_| I [ +Preo +Sew +563845
o (=}
So Sol MLl
= BB ow -+ - + DOX +DOX

Figure 3. BH3-profiling of NRASY overexpressing SUPT-1 cells. Doxycycline-induced and non-dox-
yeycline induced SUPT-1 cells were treated for with prednisolone (62,5ug/ml), selumetinib (1uM),
ABT-199 (1uM) and/or $63845 (100nM) for 20 hours. (A) BH3-profiling of prednisolone and ABT-
199 treated SUPT-1 cells (doxycycline-induced and non-induced). (B) BH3-profiling of prednisolone
and S63845 treated SUPT-1 cells (doxycycline-induced and non-induced). (C) BH3-profiling of
prednisolone, selumetinib and ABT-199 treated doxycycline-induced SUPT-1 cells. (D) BH3-pro-
filing of prednisolone, selumetinib and S3845 treated doxycycline-induced SUPT-1 cells. SD bars
represent technical triplicates, results are representative for biological triplicate experiments.

From this cohort, we selected 6 PDX models that were resistant to steroid treatment
in the absence of IL7 (‘IL7-independent steroid resistance’). In addition, we selected 6
PDX models that became resistant to prednisolone only in the presence of IL-7 (‘IL7-
dependent steroid resistance’) (Supplemental Figure 1). The latter also demonstrated
decreased sensitivity towards the BCL2 directed BH3-mimetic ABT-199 but not to
selumetinib or AZD5991 in the presence of IL-7 (Figure 4B, Supplemental Figure 1). For
the IL7-independent steroid resistant T-ALL PDX samples, we previously demonstrated
that combined selumetinib and steroid treatment was highly synergistic with 5 out
of 6 samples having a combination index (Cl) below 0.5 (14). In contrast, ABT-199 or
AZD5991 did not synergize with steroid treatment in these PDX models (Figure 4C). For
IL7-dependent steroid resistant PDX cells, we observed a clear synergy for selumetinib
or ABT-199 in combination with prednisolone treatment, but only a mild synergy for
AZD5991 combined with prednisolone (Figure 4D). The synergy between ABT-199
and prednisolone may be explained by IL7-induced STAT5 activation in these samples
(Supplemental Figure 2).

Last, we studied synergy in ‘triple treated’ cells (i.e. prednisolone, selumetinib and
ABT-199 or AZD5991 treatment) (Figure 4C-D; right part, and Supplemental Figure 3).
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For prednisolone/selumetinib/ABT-199 treatment, we observed clear synergy in all PDX
samples tested. Since triple treated cells were treated in a 1:1:1 drug ratio (i.e. 1/3 of the
compounds IC_, or 0.01 to 10 times its IC_  in equal ratios, Supplemental Figure 3), this
indicated that the observed synergy was achieved at lower drug concentrations. The
level of synergy was comparable to the synergy achieved by selumetinib/prednisolone
duo treatment. Thus, ABT-199 does not impair the synergy between selumetinib and
prednisolone and can therefore be safely combined with selumetinib/prednisolone
treatment. For AZD5991 triple treatment, synergy was observed only in IL7-dependent
steroid resistant samples. These observations likely extend to combination treatment
with other MEK-inhibitors, since the cytotoxic effect of the MEK-inhibitor trametinib
seems to be stronger than selumetinib mono-treatment (Wilcoxon test p<0.0001 for
both IC50 and AUC; Supplemental Figure 4).

DICUSSION

Despite major improvements in the outcome of pediatric leukemia over the last decades,
the prognosis of pediatric T-ALL is still inferior over the outcome of BCP-ALL patients (2).
Various new treatment strategies have emerged for T-ALL (35), with certain compounds
specifically focusing on improving or restoring steroid responsiveness of otherwise
steroid-resistant leukemias. As the IL7R signaling cascade and its downstream pathways
can influence the steroid response, deciphering underlying resistance mechanisms
may point to compounds that can improve steroid responsiveness. In this respect,
we recently identified that the downstream MAPK-ERK pathway — that is activated by
physiological IL7 signaling or by activating mutations in the IL7R signaling pathway —is an
important contributor to steroid resistance in T-ALL. MAPK-ERK activation results in the
phosphorylation and inactivation of the steroid-induced pro-apoptotic molecule BIM.
Steroid-induced expression of BIM is essential for lymphoid cells to undergo apoptosis
following steroid treatment. MEK-inhibitors were shown to effectively re-sensitize
MAPK-ERK activated and steroid resistant T-ALL cells towards steroid treatment (14, 15).

In the current study, we measured the mitochondrial apoptotic primed state of cells,
determined by the balance between pro- and anti-apoptotic Bcl2-family proteins.
Whereas steroid treatment increases mitochondrial priming, simultaneous MAPK-ERK
activation decreases this priming due to the phosphorylation and inactivation of pro-
apoptotic BIM, an important steroid receptor (NR3C1) transcriptional target gene. By
means of BH3-profilling, the MEK-inhibitor selumetinib effectively restores the apoptotic
priming state of MAPK-ERK activated T-ALL cells and thereby restores a steroid-sensitive
phenotype. In contrast, BH3-mimetics directed to anti-apoptotic molecules BCL2 (ABT-
199; venetoclax) or MCL1 (S63845) did not enhance the priming of MAPK-ERK activated
cells, possibly due to compensatory mechanisms whereby other anti-apoptotic family
members are activated upon inhibition of a specific Bcl-2 protein family member.
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Figure 4. (A) Cell toxicity screening of 46 T-ALL PDX samples for selumetinib (MEK-inhibitor; (14)),
ABT-199 (BCL2-directed BH3-mimetic) and AZD5991 (MCL1-directed BH3-mimetic). Cell viability
is illustrated by AUC, whereas an AUC of 400 represent the maximum AUC in a 4-log dynamic
concentration range of each specific inhibitor. (B) AUC of T-ALL PDX samples treated with pred-
nisolone, selumetinib, ABT-199 or AZD5991 in the presence or absence of IL7. ‘IL7-dependent
steroid resistant’” PDX samples were defined by an increase in prednisolone AUC by >1.5 fold in
the presence of IL7 with a minimal AUC of 175 in the presence of IL7 (14). (C-D) The combination
index (Cl) of T-ALL PDX samples, treated with prednisolone and selumetinib (red), prednisolone
and ABT-199 (green), prednisolone and AZD5991 (yellow), or triple combination (prednisolone/
selumetinib/BH3-mimetic; light or dark orange). PDX cells were treated with prednisolone and
a BH3-mimetic in a 1:1 ratio (i.e. 1/2 of the compounds IC,,, or 0.01 to 10 times its IC, in equal
ratios). The synergy value of each sample illustrated is an average Cl score, calculated over the
complete therapeutic window of the combination treatment Synergy was defined by a Cl be-
tween 0.3 and 0.8, whereas strong synergy was defined by a Cl <0.3. (E) The combination index
(Cl) of T-ALL PDX samples treated with selumetinib and ABT-199 (light gray) or selumetinib and
AZD5991 (dark gray). Synergy was defined by a Cl between 0.3 and 0.8, whereas strong synergy
was defined by a Cl <0.3.
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Therefore, restoring the BIM response seems more efficient to restore steroid
responsiveness in MAPK-activated T-ALL cells than inhibition of anti-apoptotic
molecules. However, additional research is required to study if this also accounts for
leukemias that highly activate anti-apoptotic molecules downstream of STAT5B signaling
in T-ALL or leukemias with low MAPK-ERK pathway activity.

Upon treatment with the anti-MCL1 BH3-mimetic S63845, we observed a dramatic
increase in MCL1 expression, which likely represented protein stabilization of inhibitor
bound MCL1 that may prevent proteasomal degradation. Moreover, upregulation of
MCL1 protein levels have also been described as an ABT-199 resistance mechanism
(28, 29). Addition of selumetinib to prednisolone/S63845 treatment reduced MCL1
expression in our SUPT-1 cell line model, indicating that inhibition of ERK is involved
in the stabilization of MCL1 (36, 37). Simultaneous or intermittent treatment of MEK-
inhibitors with BH3-mimetics have already been demonstrated to be effective in various
melanoma, solid- and hematological cancer cell lines and PDX models (38-42). In the
majority of our T-ALL PDX samples, we also observed synergy between selumetinib and
ABT-199 or S63845. More research is required to explore the biological rationale for
combined MEK-inhibitor and BH3 mimetic treatment in T -ALL and other malignancies.

ABT-199 is reported to be mainly effective in malignancies and cell lines with high BCL2
expression or BCL2 dependency (18, 19). We observed that addition of ABT-199 to
selumetinib treatment only mildly enhanced steroid-induced cell death in SUPT-1 cells,
despite our observations that ABT-199 did not alter the mitochondrial apoptotic priming
of these cells. In contrast, we observed clear synergy between prednisolone/ABT-199
and prednisolone/selumetinib/ABT-199 in IL7-dependent steroid resistant PDX samples.
This indicates that addition of ABT-199 to prednisolone/selumetinib treatment could
be beneficial for a subset of T-ALL patients. More research is required to identify which
biological characteristics underly our observed synergy; for example, if these samples
highly express BCL2 or depend on BCL2 expression for their survival. In line with this,
the effects of ABT-199 on mitochondrial priming may be bigger in T-ALL cell lines with
a more immature and BCL2 dependent phenotype than SUPT-1 cells (19).

Triple inhibition with prednisolone, selumetinib and a BH3-mimetic (and in particular
ABT-199) was as synergistic as selumetinib/prednisolone duo inhibition in T-ALL PDX
samples, although achieved at lower drug concentrations. This suggests that triple
treatment allows for dose-reduction of all compounds used. More research is required
to study if triple treatment indeed allows for dose-reduction in T-ALL patient treatment
regimens without decreasing cytotoxic efficacy. Moreover, functional screenings like
BH3-profiling or measurement of BCL2 expression may be required as a biomarker
to identify these T-ALL patients that may benefit from ABT-199 treatment in future
treatment regimens.
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Supplemental Figure 1. AUC of six ‘IL7-dependent steroid resistant’ T-ALL PDX samples treated
with prednisolone, selumetinib, ABT-199 or AZD5991 in the presence or absence of IL7. Statistical
differences were calculated with the Mann-Withney test.
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Supplemental Figure 2. Immunoblot analysis of four PDX samples (two IL7-indendent and two
IL7-dependnet steroid resistant PDX samples) treated with IL-7 for 0, 1 or 4 hours.
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Supplemental Figure 4. Cell toxicity screening of 46 T-ALL PDX samples for selumetinib or trame-
tinib. Left: cell viability illustrated by AUC, whereas an AUC of 400 represent the maximum AUC in
a 4-log dynamic concentration range of each specific inhibitor. Right: corresponding IC50 values

of treated PDX samples. Statistical differences were calculated with the Wilcoxon test (*p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001).
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ABSTRACT

Physiologic and pathogenic IL7-receptor (IL7R) induced signaling provokes glucocorticoid
resistance in a subset of pediatric T-cell acute lymphoblastic leukemia (T-ALL) patients.
Activation of downstream STAT5 has been suggested to cause steroid resistance
through upregulation of anti-apoptotic BCL2, one of its downstream target genes.
Here, we demonstrate that isolated STAT5 signaling in various T-ALL cell models is
insufficient to raise cellular steroid resistance despite its capacity to upregulate BCL2
and BCL-XL. Upregulation of anti-apoptotic BCL2 and BCLXL in STAT5-activated T-ALL
cells is particularly enhanced upon glucocorticoid treatment. We demonstrate that
the enhanced expression of these anti-apoptotic molecules is facilitated by direct
interaction between NR3C1 and activated STAT5 molecules at STAT5-regulatory sites.
In contrast, STAT5 occupancy at glucocorticoid response elements (GREs) does not
affect the expression of NR3C1 target genes. Strong upregulation of BIM, a NR3C1
pro-apoptotic target gene, upon prednisolone treatment can counterbalance STAT5-
induced BCL2 and BCL-XL expression downstream of IL7-induced or pathogenic IL7R
signaling. This explains why isolated STAT5 activation does not directly impair the
steroid response. Our study suggests that STATS activation only contributes to steroid
resistance in combination with cellular defects or alternative signaling routes that
disable the pro-apoptotic and steroid-induced BIM response.

Key points

1. Activation of the STAT5 pathway does not raise steroid resistance despite enhanced
expression of BCL2 and BCLXL following steroid treatment.

2. The glucocorticoid receptor (NRC1) is an essential STAT5 co-regulator to activate
canonical STATS target genes including BCL2 and BCLXL.
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INTRODUCTION

Synthetic steroids remain a vital cornerstone drug in the treatment of pediatric T-cell
acute lymphoblastic leukemia (T-ALL). Upon binding with steroids, the glucocorticoid
receptor (NR3C1) dimerizes and migrates to the nucleus where it functions as a
transcription factor and regulates the expression of multiple steroid-response genes,
including the pro-apoptotic gene BIM (1-3). Resistance to steroid treatment predicts
for inferior outcome and therefore remains a major clinical problem for T-ALL (4, 5). An
important signaling pathway that interferes with steroid sensitivity is the interleukin-7
receptor (IL7R) pathway. Both physiological IL7-signaling or the presence of activating
mutations in various IL7R signaling molecules have been linked to steroid resistance in
T-ALL patients (6, 7).

Recently, the mechanisms underlying IL7R-dependent survival and/or steroid resistance
have been studied. IL7R signaling results in downstream activation of the PI3K-AKT and
STATS pathways, but also activates MAPK-ERK signaling (6, 8-12). For these individual
downstream signaling pathways, different mechanisms have been identified that
may contribute to steroid resistance (Figure 1). Activation of the PI3K-AKT pathway
activation is reported to drive phosphorylation of NR3C1, which blocks its migration
to the nucleus (13). Additionally, PI3K-AKT signaling can upregulate various anti-
apoptotic proteins including BCLXL and MCL1 (6). AKT can also inhibit transcription of
the important glucocorticoid receptor target gene BIM via an inhibitory phosphorylation
of the FOXO3A transcription factor (14). Epigenetic silencing of the BIM locus, as found
in some ALL patient-derived xenograft models, has also been proposed as an important
steroid-resistance mechanism (15, 16).

IL7R signaling mutations, found in approximately 35% of pediatric T-ALL patients, or
physiological IL7 signaling activates downstream MAPK-ERK signaling (6, 7, 12). Activated
ERK phosphorylates BIM-L and BIM-EL proteins, which therefore lose their potential
to bind and neutralize anti-apoptotic BCL2 protein family members including BCL2,
BCLXL and MCL1, hence resulting in steroid resistance (12). MEK-inhibitors, and to a
limited extent the JAK-inhibitor ruxolitinib, showed synergy with steroid treatment by
restoring functional BIM levels, thereby representing promising targeted compounds
to overcome steroid resistance in T-ALL (6, 12).

Activation of the glucocorticoid receptor NR3C1 facilitates transcriptional upregulation
of glucocorticoid target genes, including BIM and IL7R (17). Recently, it was shown that
by upregulating IL7Ra, steroid treatment could paradoxically induce steroid resistance
(18), since enhanced IL7-induced signaling activates STAT5 and consequentially enhances
the expression of the pro-survival gene BCL2 (18) and the PIM1 kinase gene (19). Thus
far, upregulation of BCL2 is regarded as the driving mechanism for IL7-induced survival
and steroid resistance (7, 17, 18, 20, 21).

131



Here, we explore the significance of STATS5 signaling downstream of physiological or
mutant IL7R signaling in relation to steroid resistance in pediatric T-ALL. We studied
whether induced expression of the constitutively active N642H STAT5 mutant can
activate BCL2 and drive steroid resistance.
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Figure 1. Schematic overview of IL7-receptor- and steroid-induced signaling. In the presence
of IL-7, IL7Ra (left) and IL7Ry (right) subunits heterodimerize, allowing transphosphorylation of
JAK1 and JAK3 kinases and phosphorylation of IL7Ra as a docking site for STAT5. As a result,
downstream PI3K-AKT, MAPK-ERK and STAT5 signaling pathways are activated. Activated STAT5
migrates to the nucleus as a homodimer to regulate the transcription of canonical STAT5 target
genes, including anti-apoptotic BCL2 and BCLXL. Activated PI3K-AKT signaling upregulates an-
ti-apoptotic BCLXL and MCL1 and can regulate the nuclear translocation of the activated glucocor-
ticoid receptor (NR3C1). Activated MAPK-ERK signaling phosphorylates and therefore inactivates
pro-apoptotic BIM. Upon exposure to steroids, NR3C1 migrates to the nucleus as a homodimer
and induces the expression of NR3C1 target genes (including pro-apoptotic BIM) at glucocorticoid
response element (GRE) sites.
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MATERIAL AND METHODS

Generation of cell lines

Gateway cloning (Invitrogen) and lentiviral transduction of SUPT-1 cell lines with wild
type or mutant IL7R or STAT5 constructs were performed as previously described
(22) . SUPT-1 and CCRF-CEM cells were cultured in RPMI-1640 medium (Gibco)
supplemented with 1x Glutamax, 10% heat-inactivated fetal bovine serum (Gibco), 2%
pencillin/streptomycin (Gibco) and 0,4% Fungizone (Gibco). Media for SUPT-1 cells was
supplemented with 1-2 ug/mL puromycin for purification of doxycycline-inducible cells.

Cell preparation and cytotoxicity assays

For quantitative real-time reverse-transcription PCR (RTQ-PCR), immunoblot analysis
and cytotoxicity assays, SUPT-1 and CCRF-CEM cells were plated in RPMI-1640 medium
as described above. For activation of IL7R signaling, medium of CCRF-CEM cells was
supplemented with 10 ng/ml IL7 (R&D systems). For RTQ-PCR and immunoblot
analysis experiments, cells were plated at a concentration of 1x10° cells/mL overnight.
For cytotoxicity assays, cells were plated at a concentration of 0,2x10° cells/mL, and
cell viability was determined after four days by methylthiazolyldiphenyl-tetrazolium
bromide (MTT, Sigma Aldrich).

Immunoblot analysis

Cell pellets of treated cell suspensions were lysed using KLB (kinase lysis buffer) lysis
buffer, and protein eluates were loaded on BioRad Mini-Protean® TGX™ any-kd precast
gels (12). Protein transfer to 0.2 um nitrocellulose membranes was performed using the
Trans-Blot® Turbo™ Transfer System (BioRad). Primary antibodies used for immunoblot
analysis were: phospho-ERK (#4370; Cell Signaling Technologies (CST)), phospho-
MEK (#9121; CST), BCLXL (#2764; CST), MCL1 (#4572; CST, and #sc-12756; Santa Cruz
Biotechnology (sc)), BIM (#ab32158; Abcam (ab)), B-Actin (#ab6276; ab); IL7R alpha/
CD127 (#MAB306; R&D), BCL2 (#sc-130308; sc), RAS (#05-516; Merck Millipore), AKT
(#9272; CST), pAKT-T308 (#9275; CST), pAKT-473 (#9271; CST), NR3C1 (#12041; CST),
NR3C1 (#sc-1003; sc), STATS (#94205; CST), STATS (#sc-835; sc) and pSTATS (#9351;
CST). IRDye fluorescent secondary antibodies (LI-COR) were used for fluorescent signal
detection on the Odyssey-CLx Imaging System (LI-COR).

Immunoprecipitation (IP)

Immunoprecipitation was performed as previously described (12). Antibodies were
linked to Dynabeads (Thermo Fisher Scientific) and crosslinked to BS® (2,5mM). The
total lysate protein eluate of each designated sample was mixed with the Dynabeads-
antibody suspension and incubated overnight at 4 degrees. Afterwards, the antibody-
bound proteins were eluted from the Dynabeats-antibody-antigen complexes and
visualized by immunoblot analysis. Antibodies used for immunoprecipitation: BIM
(C34C5 #2933, CST), NR3C1 (#12041; CST).
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Quantitative real-time reverse-transcription PCR (RTQ-PCR)

Isolation of RNA, cDNA synthesis and RTQ-PCR reactions were performed as
previously described (22, 23). The expression of NR3C1 or STATS target genes were
calculated using the delta CT (dCT) method as percentage of GADPH expression.
Fold expression change was calculated relative to the non-doxycycline-induced
(-dox), non-prednisolone treated (-pred) condition. Primers used: GAPDH Fw primer
5’-GTCGGAGTCAACGGATT-3’, GAPDH Rev primer 5-AAGCTTCCCGTTCTCAG-3’; BIM Fw
primer 5-GCGCCAGAGATATGGAT-3’, BIM Rev primer 5-CGCAAAGAACCTGTCAAT-3’;
IL7R Fw primer 5-AGTAAATGCAAAGCACCCTGAG-3’, IL7R Rev primer 5'-
TAAATGGGGCTTAAGCTCTGAC-3’; SOCS2 Fw primer 5- GGGAGCTCGGTCAGAC-3’,
S0CS2 Rev primer 5- CCAGCTGATGTTTTAACAGAT-3’; PIM1 Fw primer 5'-
GATCCTGCTGTATGATATGGT-3’, PIM1 Rev primer 5'- GAAGGTTGGCCTATCTGAT-3’; CISH
Fw primer 5'- CCAGCCCAGACAGAGAG-3’, CISH Rev primer 5'- TGGAGTCGGCATACTCA-3’;
OSM1 Fw primer 5- AGCTGCTCGAAAGAGTACC-3’, OSM1 Rev primer
5'-AAGTCGGCCAGTCTGTG-3'; BCL2 Fw primer 5'- TCGGTGGGGTCATGT-3’, BCL2 Rev primer
5’- GGGCCAAACTGAGCA-3’; BC2L1 (BCLXL) Fw primer 5- CCCAGGGACAGCATATC-3,
BCL2L1 (BCLXL) Rev primer 5- GCTGCATTGTTCCCATAG-3’; MCL1 Fw primer 5'-
CGCCAAGGACACAAAG-3’, MCL1 Rev primer 5'- AAGGCACCAAAAGAAATG-3'.

Chromatin-immunoprecipitation sequencing (ChiP-seq)

Doxycycline-induced STAT5YT and STAT5BN®42H SUPT-1 cells were cultured with or
without 250ug/ml prednisolone for 16 hours. After incubation, 20x10° cells were
fixed and chromatin-immunoprecipitation (ChIP) was performed according to the
manufacturer’s instructions (Simple ChIP Enzymatic Chromatin IP Kit, #9003, CST).
Water bath sonification was performed for seven cycles (30 seconds on 30 seconds
off), and DNA fragment size was validated by electrophoresis. Antibodies used during
for ChIP: STAT5 (CST, D206U) and NR3C1 NR3C1 (#sc-1003; sc). DNA library preparation
was performed using the NEBNext Ultra Il DNA Library Prep kit (New England Biolabs
#E7103) with an additional 0,52X beads purification step. DNA eluates were sequenced
using the Illumina NextSeg500 platform of the Utrecht Sequence facility (USEQ).

ChiIP-seq data processing and visualization

Raw reads were aligned to the CRCh38 human genome, using BWA (24) with default
settings. Narrowpeak calling with default settings from MACS2 (25) was used for peak
calling. BamCoverage from deeptools (26) was used to normalize input signal for figures,
using reads per genomic content (RPGC) method. Peaks were visualized using IGV (27).
Bedtools (28) was used to select unique and overlapping peaks for STAT5/NR3C1. These
are visualized using plotheatmap function from deeptools. Meme-chip was used for
detecting motifs within regions of 50bps up or down of the summit of NR3C1 or STAT5
peak summits (101bp window), using default settings (29).
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Data availability

Affymetrix U133 Plus2 microarray data for the 117 patients as previously published
(30), was normalized using Robust Multichip Average (RMA), using Affy package (31).
Micoarray data is available at http://www.ncbi.nlm.nih.gov/geo/ under accession
number GSE26713. A selection of STATS target genes were visualized using R package
pheatmap (pheatmap: Pretty Heatmaps, R package version 1.0.12). IL7R mutations,
as detected in Li et al (6), are denoted at the top. ChIPseq files are available at Gene
Expression Omnibus under GEO series accession number: GSE171976, https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE171976.

RESULTS

Activation of STAT5 target genes does not predict for steroid resistance in T-ALL.

To study the significance of STAT5 activation in relation to steroid resistance in pediatric
T-ALL, we investigated the expression of STATS target genes (e.g., BCL2, BCL2L1 (BCLXL),
PIM1, CISH, OSM1 and SOCS2) in our historic microarray dataset for 117 treatment-
naive pediatric T-ALL patient samples (30). The leukemia subtype and the IL7R signaling
pathway mutational status of these patients, as previously determined (6, 30), are
displayed (Figure 2a). Cluster analysis based on the expression of STATS target genes
separated T-ALL patients into two major clusters, with cluster B representing patients
with high expression of STATS target genes. In relation to leukemic subtype, cluster B
was significantly enriched for TLX3-rearranged leukemias (p<0.0001), whereas TLX1-/
NKX2-1- rearranged patients or TAL1/2 and LMO1/2-rearranged T-ALL patients were
strongly associated with cluster A (p=0.0126 and p<0.0001 respectively, Figure 2b).
Moreover, activating IL7R signaling mutations in IL7R, JAK1, JAK3 and/or STAT5B genes
were also strongly associated with STAT5 transcriptional activity (p<0.0001) (Figure
2¢), in line with previous observations that these mutations are also associated with
TLX3-rearranged patients (6, 30, 32). This result highlights the contribution of IL7R,
JAK1, JAK3 and/or STAT5B mutations to activate STATS in T-ALL. In relation to ex-vivo
prednisolone cytotoxic response levels, as determined for 84 out of these 117 T-ALL
patient samples, we observed that the prednisolone LC50 values were comparable for
patients with high or low STATS5 transcriptional activity (Figure 2d). This suggests that
the predicted STAT5-activity alone does not predict for sensitivity to steroid treatment
at diagnosis, either by having no immediate impact on steroid sensitivity or due to the
presence of alternative resistance mechanisms.
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Figure 2. STATS transcriptional activity in pediatric T-ALL patients does not predict for steroid
resistance. (A) Unsupervised clustering of STATS5 target gene expression of 117 treatment-naive
pediatric T-ALL patients using Affymetrix U133 Plus2 microarrays. The leukemic subtype and
IL7R-pahtway mutational status for these patients has been previously determined. Cluster B
represents patients with the highest STAT5 transcriptional activity. (B) Representation of the
four major leukemic T-ALL subtypes in both STAT5 transcriptional clusters. Statistical differences
calculated by Chi-square test; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (C) IL7R/JAK1/JAK3/
STAT5B mutation status of primary patient blasts related to STAT5 transcriptional clusters. Sta-
tistical differences calculated by Chi-square test; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
(D) Statistical analysis of in-vitro prednisolone sensitivity of patients in low versus high STAT5
transcriptional clusters (Mann-Whitney-test).

STATS activation does not drive steroid resistance in IL7ZR-mutant cell lines.

To further explore the relation between the STAT5-regulated transcriptional program
and steroid resistance, we generated SUPT-1 or P12-Ichikawa derivative lines that can
be induced to express wild type IL7Ra (IL7R™T) or cysteine-mutant IL7Ra molecules
(IL7RPILT240-244RFCPH gy || 7RPIL240-242Q5PSC) fg|lowing exposure to doxycycline. We previously
demonstrated that induced expression of cysteine-mutant IL7Ra molecules, in contrast
to wild type IL7Ra, provoked steroid resistance in otherwise steroid-sensitive T-ALL
SUPT-1 cells (12). Overexpression of mutant IL7Ra resulted in STATS5 phosphorylation and
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thus STATS activation, while no effect was seen upon wild type IL7Ra overexpression
(Figure 3a). Examining the activation of STATS target genes, both mutant IL7Ra
molecules strongly induced BCL2 and BCLXL protein expression, but only in the presence
of prednisolone. As BCL2 has been described as a STATS target gene, elevated BCL2 (and
BCLXL) expression is in line with active STAT5B signaling in both IL7R mutant lines. To
further validate this concept, we studied the expression of BCL2 and BCLXL and various
other STATS target genes such as PIM1 and CISH in SUPT-1 cells expressing IL7R"T or a
cysteine-mutant IL7R variant. Expression of these STAT5 target genes was also studied
in the presence of prednisolone with or without targeted JAK1/2- (ruxolitinib), MEK-
(selumetinib) and/or AKT- (MK2206) inhibitors (Figure 3b). Again, steroid treatment of
IL7R-mutant overexpressing cells led to a nearly two-fold increase in BCL2 and BCLXL
expression (Figure 3c). As expected, the JAK-inhibitor ruxolitinib effectively blocked
downstream STAT5B, MAPK-ERK and AKT pathways (Supplemental Figure 1), and also
blocked steroid-dependent upregulation of BCL2, BCLXL, CISH and PIM1 (Figure 3c).
Treatment with the MEK-inhibitor selumetinib or the AKT-inhibitor MK2206, nor their
combination could block transcriptional upregulation of these genes. Similar results
were obtained in the context of IL7-induced signaling in the T-ALL cell line CCRF-CEM,
indicating that this reflects a general mechanism in T-ALL cells (Supplemental Figure
2a-b).

Unexpectedly, whereas expression of both mutant IL7R isoforms strongly raised steroid
resistance, this effect seemed independent of upregulation of pro-survival proteins BCL2
and BCL-XL via STAT5; while the JAK-inhibitor ruxolitinib inhibits upregulation of BCL2
and BCL-XL and reverts steroid resistance in this model, both AKT- or combined MEK-
and AKT- inhibitor treatment also sensitized SUP-T1 cells for prednisolone treatment
(Figure 3d) regardless of the STAT5-driven BCL2 and BCLXL hyper-induction (Figure
3c). Similar findings were observed for T-ALL CCRF-CEM cells, where these inhibitors
reverted IL7-induced steroid resistance independently of the expression levels of
BCL2 and BCL-XL via STATS (Supplemental Figure 2b-c). Therefore, we conclude that
STATS activation and consequent upregulation of BCL2 and BCLXL do not have a direct
negative impact on steroid sensitivity (Figure 2d).

STAT5"52*"-induced SUPT1 cells remain steroid sensitive despite enhanced BCL2
and BCLXL levels

To further exclude a direct role of active STATS signaling in relation to steroid resistance,
we generated doxycycline-inducible SUPT-1 and P12-Ichikawa derivative lines that
express wild type STATSB (STAT5™T) or the constitutively active mutant isoform
STAT5N®42H (Figure 4a). Expression of STAT5BN®?" but not STAT5"T, led to activated
STATSB signaling without affecting the MAPK-ERK or PI3K-AKT signaling pathways
(Figure 4a, Supplemental Figure 3a) (6, 33-37). In line with these results, expression
of STAT5BWYT was ineffective to activate the expression of downstream target genes,
while STAT5B"®*?" induced the expression of canonical STATS target genes (Figure 4b,
Supplemental Figure 3b).
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Figure 3. Steroid treatment and inhibition of MAPK-ERK and PI3K-AKT signaling enhance the
expression of STATS target genes in mutant IL7R cell lines. (A) Ligand-independent STAT5B
pathway activation in wild-type and cysteine-mutant IL7R overexpressing SUPT-1 cell lines. Pro-
tein band intensity for BCL2 and BCLXL represented relative to -dox-pred condition. (B) Graphic
representation of Supplemental Figure 1: selective inhibition of IL7RM'T activated pathways by
ruxolitinib (1uM, JAK1/2-inhibitor), selumetinib (1uM, MEK-inhibitor) and MK2206 (0,5uM AKT-in-
hibitor). (C) Expression of STAT5B target genes in wild-type and mutant IL7R overexpressing SUPT-1
cells. Cells were treated with targeted inhibitors for 30 minutes before doxycycline-induction.
Steroid exposed cells were treated with prednisolone (250ug/ml) for 16 hours. (D) Steroid sen-
sitivity of wild-type and mutant IL7R overexpressing SUPT-1 cells in the absence or presence of
targeted inhibitors. Steroid sensitivity was determined by a 4-day MTT read-out. Representative
data of a biological duplicate.
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Moreover, the expression of STAT5 target genes was further boosted in STAT5M®42" cells
upon steroid treatment, and was most prominent for BCL2 and BCLXL compared to
other classical STATS target genes such as PIM1, CISH and OSM1 (Figure 4b). Despite
upregulation of both anti-apoptotic molecules upon induction of STAT5V®4H the
cytotoxic steroid response did not change for SUPT-1 or P12-Ichikawa cells (Figure
4c-d). This again demonstrates that STAT5 signaling alone does not provoke steroid
resistance despite enhanced upregulation of anti-apoptotic BCL2 and BCLXL.

NR3C1-STAT5B co-binding enhances the expression of canonical STAT5 target genes
The enhanced STATS transcriptional activity during steroid treatment has previously
been attributed to the steroid-induced transcriptional upregulation of IL7Ra by NR3C1,
which can further enhance STAT5 activation and subsequently the upregulation of BCL2
in the presence of IL7 (18). As the induction of BCL2 and IL7Ra also occurs in parallel in
IL7-exposed and inhibitor-treated CCRF-CEM cells (Supplemental Figures 2b and 4a),
an alternative hypothesis could be that NR3C1 and STAT5B act in a single transcriptional
complex and co-regulate an identical set of target genes. To explore this possibility,
we performed NR3C1 co-immunoprecipitation experiments using SUPT-1 STAT5BYT
and STAT5BM®4?" cells and identified that NR3C1 and STAT5B could indeed physically
interact (Figure 5a). This interaction seemed independent of the phosphorylation status
of STAT5B, as both (unphosphorylated) wild type STAT5 and (phosphorylated) mutant
STAT5B bound NR3C1 to equal extends following steroid exposure. To explore whether
(mutant) STAT5 and NR3C1 could bind to the same transcriptional regulatory regions,
we performed chromatin-immunoprecipitation sequencing (ChIP-seq) for NR3C1 and
STATS. While wild type STAT5 was expressed in a non-phosphorylated, transcriptionally
inactive form, we observed that it could still bind to many regulatory sites that were
also bound by the phosphorylated and constitutively active STAT5BN®*?" isoform (Figure
5b). While binding of STAT5BYT or STAT5BN®*?" to regulatory sites was independent of
steroid exposure, NR3C1 only bound to DNA upon prednisolone treatment, which was
expected based on its nuclear translocation upon interaction with steroids (1). We
identified genomic regions that were predominantly bound by either STAT5B or NR3C1,
denoted as STAT5 or NR3C1 unique binding sites. Interestingly, many genomic regions
were bound by both STAT5B and NR3C1 upon steroid exposure, suggesting that STAT5B
and NR3C1 can co-regulate a common set of target genes. Motif analysis for NR3C1 and
NR3C1/STATS binding sites revealed significant enrichment of classical glucocorticoid
response element (GRE) motifs (38) and STAT5 motifs, but not at binding sites that were
uniquely bound by STATS (Figure 5¢ and Supplemental Table 1).
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Figure 4. Overexpression of STAT5B"®*?" does not provoke steroid resistance despite enhanced
expression of anti-apoptotic molecules upon steroid treatment. (A) Activation of STAT5B sig-
naling and expression of anti-apoptotic Bcl2 family proteins in STAT5B wild-type and mutant
overexpressing SUPT-1 cells. Protein band intensity for BCL2 and BCLXL represented relative to
-dox-pred condition. (B) Expression STAT5 target genes in STAT5BYT and STAT5B"¢#?" overexpress-
ing cells in the absence and presence of prednisolone treatment (16 hours, 250ug/ml). Data of
biological triplicates with SD indicated. (C) Steroid sensitivity of wild-type and mutant STAT5B
overexpressing SUPT-1 and P12 ICHIKAWA cell lines. Steroid sensitivity was determined by a 4-day
MTT read-out. Data of biological triplicates with SD indicated.
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Figure 5. NR3C1 co-regulates the expression of transcriptional STATS5 target genes by co-bind-
ing at STATS5 regulated genes. (A) Immunoblot analysis of NR3C1-immunoprecipitation in STAT-
5B"T and STAT5BN%*?" SUPT-1 cells. Steroid exposed cells were treated with prednisolone (250ug/
ml) for 16 hours. (B) RPGC normalized centered heat map of unique and overlapping NR3C1 and
STAT5 chromatin-immunoprecipitation sequencing (ChlP-seq) binding peaks of doxycycline-in-
duced STAT5B"" and STAT5B"%4" SUPT-1 cells with (+dox+pred) or without (+dox-pred) predniso-
lone treatment (16 hours, 250ug/ml). (C) MEME-ChIP motif analysis of NR3C1 and STAT5 motifs
significantly enriched in NR3C1/STAT5 unique or overlapping peak sets. (D) ChIP-seq identified
binding of NR3C1 and STATS transcription factors at STAT5 target genes BCL2, BCLXL and PIM1.
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We then specifically studied co-occupancy of STAT5 and NR3C1 at the regulatory sites
of selected STATS target genes (Figure 5d, Supplemental Figure 4b). For BCLXL and
PIM1, we identified STATS regulatory sites that were bound by STAT5B"%4H but not by
wild type STAT5B, indicating that binding of STATS5 at these regulatory sites is dependent
on STATS5 phosphorylation. Interestingly, we found that NR3C1 could also bind to these
sites upon steroid exposure in mutant STATS5 cells. For the BCL2 locus, two NR3C1 peaks
were identified and bound by NR3C1 only in STAT5N®4! cells, with one site harboring
a STATS binding motif. We did not identify GREs at any of the NR3C1-bound sites in
BCLXL, PIM or BCL2, suggesting that NR3C1 may be recruited to these binding sites by
binding to STAT5B rather than physical binding to DNA. Combined, these data revealed
that NR3C1 can interact with STAT5B and bind in or near STAT5-bound genomic sites,
even in the absence of a conserved GRE binding motif. Binding of STATS5 to various
‘canonical STATS target genes’ seems dependent on its active (phosphorylated) form,
which enables recruitment of NR3C1 to these sites following steroid exposure to further
boosts the expression of these target genes.

In a reciprocal manner, ChlP-seq analysis identified STATS5 binding near NR3C1-binding
sites that lack conserved STATS5 binding motifs. Examination of various NR3C1 target
genes including BIM, KLF13, FKBP5 and GILZ and the newly proposed NR3C1 target
genes BMF and MCL1 revealed various NR3C1 binding sites that harbor conserved
GRE sequences in BIM, KLF13 and FKBP5 (Figure 6a-b, Supplemental Figure 5a-b).
Remarkably, binding of STAT5"T and STAT5"%2*" was observed at GRE sites of KLF13 and
FKBP5 that were not flanked by conserved STATS binding sequences. This suggests that
STAT5 molecules can be recruited to these sites by (direct) interaction with NR3C1,
independently of their activation (phosphorylation) state. The significance of STAT5
binding at these sites remains unknown, as the expression of NR3C1 target genes,
including BIM, following steroid exposure remained unaffected upon co-incubation
with JAK1/2-, MEK-, AKT- or combined MEK-AKT inhibitors (Figure 6c).
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Figure 6. Intact NR3C1 transcriptional activity outbalances steroid-dependent enhanced
expression of anti-apoptotic molecules. (A) ChlIP-seq identified binding of NR3C1 and STAT5
transcription factors at GREs of NR3C1 target genes BIM, FKBP5 and KLF13. (B) Gene expression
of NR3C1 target genes (MCL1, KLF13, FKBP5, BIM, BMF and GILZ) in mutant STAT5 overexpress-
ing SUPT-1 cells in the absence or presence of overnight steroid treatment (250ug/ml). Data of
biological triplicate with SD indicated. (C) Immunoblot analysis of BIM-immunoprecipitation in
STAT5B**2" SUPT-1 cells (left: total lysate, right: BIM-IP). The protein abundancy of BCL2, BCLXL
and BIM was quantified, and the expression in -doxycycline +prednisolone treated cells was taken
as reference. (D) Gene expression of NR3C1 target genes (BIM and GILZ) in wild-type and mutant
IL7R overexpressing SUPT-1 cells in the absence and presence of targeted inhibitors. Cells were
treated with targeted inhibitors 30 minutes before doxycycline-induction. Steroid exposed cells
were treated with prednisolone (250ug/ml) for 16 hours.

143



NR3C1 induction of BIM overrides the anti-apoptotic effects of BCL2 and BCL-XL in
STAT5BN®*?H cells

We then explored if the pro-apoptotic steroid response (upregulation of pro-
apoptotic BIM via NR3C1) could effectively counter-balance the strong upregulation
of anti-apoptotic BCL2 and BCLXL molecules downstream of activated STAT5 during
steroid treatment. For this, we performed BIM-immunoprecipitation experiments
in non-induced or doxycycline-induced STAT5BN¢42" SUP-T1 cells that were exposed
to prednisolone treatment. As shown in Figure 7, steroid treatment led to increased
expression of BIM in its active and unphosphorylated form (total lysate, lanes 2 and 4).
In line with previous results (12), active BIM strongly bound to BCL2, BCLXL and MCL1 (IP,
lane 2). Steroid treatment again enhanced the expression BCL2 and BCLXL in doxycycline-
induced STAT5BN¢*?" cells (total lysate, lane 4). However, immunoprecipitated BIM could
effectively bind the upregulated BCL2 and BCLXL, despite their increased expression
(IP, lane 4). Since STAT5"®?" overexpression in SUPT-1 cells does not confer steroid
resistance (Figure 4c-d), BIM seems to counter the STAT5/NR3C1 driven anti-apoptotic
hyper-induction of BCL2 and BCLXL and therefore preserves a sensitive steroid response.
Therefore, our study highlights that steroid sensitivity is not solely defined by the
upregulation of anti-apoptotic proteins, but is regulated by a tight balance between
anti- and pro-apoptotic molecules.
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Figure 7. Steroid-induced BIM expression counterbalances STAT5/NR3C1-regulated hyper-in-
duction of BCL2 and BCLXL. BIM immunoprecipitation of STAT5"%?" overexpressing SUPT-1 cells.
Steroid exposed cells were treated with prednisolone (250ug/ml) for 16 hours.
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DISCUSSION

Resistance to synthetic steroids remains a problem in the treatment of pediatric ALL.
Aberrant activation of the IL7R signaling cascade is frequently observed in T-ALL, either
due to production of IL7 by stromal cells in the leukemia microenvironment (7) or by
activating mutations in the IL7R signaling pathway (6, 12). Activation of the IL7R pathway
has been strongly related to steroid resistance via various pro-survival mechanisms
downstream of PI3K-AKT, JAK-STAT and MAPK-ERK signaling pathways. Understanding
these resistance mechanisms is of utmost importance, as it may reveal new therapeutic
strategies to revert steroid resistance using targeted agents.

In the last decade, various steroid resistance mechanisms that are linked to the IL7R
pathway have been uncovered. Interestingly, many of these mechanisms involve the
inactivation or activation of pro- (e.g., BIM, BMF) and anti-apoptotic Bcl-2 family
members (e.g., BCL2, BCLXL, MCL1), respectively. In healthy lymphocytes, steroid-
induced upregulation of BIM is sufficient to neutralize anti-apoptotic Bcl-2 family
members, to antagonize their function and to effectuate cellular apoptosis during early
T-cell selection processes (39, 40). Overexpression of BCL2 in healthy thymocytes has
been demonstrated to outbalance pro-apoptotic BIM, resulting in the abnormal survival
and cellular resistance to steroid-induced cell death (41-44). Similarly, upregulation of
BCL2 downstream of STATS5 has been proposed to drive IL7-induced steroid resistance
in T-ALL patient samples (7, 18). Here, we demonstrate that upregulation of BCL2 and
BCLXL by STATS is not sufficient to induce steroid resistance in various T-ALL cellular
models.

Previously, we demonstrated that aberrant activation of the MEK-ERK signaling pathway
is one of the major drivers of steroid resistance in IL7R, JAK1 and RAS mutant cells, since
activated ERK phosphorylates and inactivates pro-apoptotic BIM (12). MEK-inhibitors
(and to a lesser extend the JAK-inhibitor ruxolitinib) can re-sensitize IL7-induced or
IL7R signaling mutant T-ALL patient cells towards steroid treatment. Other studies also
revealed the importance pro-apoptotic BIM, since epigenetic silencing of BIM also
results in steroid resistance in T-ALL (15, 16).

Our current study suggests that the anti-apoptotic response of activated STATS
signaling on itself is insufficient to drive steroid resistance. In fact, combined MEK- and
AKT-inhibition in mutant-IL7R T-ALL cell models resensitized these cells towards steroid
treatment, despite elevated BCL2 and BCLXL expression levels by activated STATS.
The NR3C1-induced expression of BIM seems sufficient to counteract STAT5-induced
BCL2 and BCLXL levels through direct binding. Activation of STAT5 may contribute to
steroid resistance when the steroid-induced pro-apoptotic BIM response is disabled
by (epi-)genetic changes or by MAPK-ERK and PI3K-AKT signaling events (12-16). This
is also supported by our observation that active STATS signaling, as measured by the
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expression of various downstream target genes in primary T-ALL patient cells, is not
associated with steroid resistance in T-ALL patients.

This study further reveals that enhanced expression of BCL2 and other STAT5-regulated
genes following steroid exposure reflect a common mechanism in different STAT5
activated T-ALL models. Whereas regulatory sites of many genes can be bound by
both inactive (non-phosphorylated) STAT5Y" and constitutively active (phosphorylated)
STAT5N®42H various canonical STAT5 target genes were only bound by active STATS.
Remarkably, NR3C1 is also recruited to these sites upon steroid treatment, which points
to important direct co-regulation of NR3C1 in the induction of STATS target genes.
Although we only analyzed a limited set of genes in more detail, we observed that
NR3C1 can be recruited to these sites in the absence of GRE sequences, confirming
that NR3C1 can act as a transcriptional co-factor. In combination with our IP results,
we suggest that this co-occupancy is caused by direct binding between NR3C1 and
STATS, rather than genomic binding of NR3C1 and STATS5 at overlapping sites. In line
with this, we also observed that STAT5 can be recruited to NR3C1-bound target genes
irrespective of its activation state. Various of these sites did not contain STAT5 binding
motifs, again implying that STAT5 directly binds to NR3C1 rather than binding directly to
specific DNA sequences. In contrast to the expression of STAT5-target genes, binding of
STATS at NR3C1-bound target genes does not further enhance the relative expression
of NR3C1 downstream target genes, and the expression of these genes also remained
unaffected by ruxolitinib treatment.

Co-binding of STAT5 with NR3C1 has previously been reported to occur during
glucocorticoid-induced signaling in T-cells, mammary and hepatocyte epithelial cells
(45-48). Apart from acting as an transcription factor, STAT5 is known to regulate
chromatin accessibility of the TCRy-locus or immunoglobulin heavy-chain (49, 50), and
induces epigenetic changes at EZH2- and SUZ12-binding sites in STAT5BN®*?" mutated
cells (37). Therefore, STAT5-dependent chromatin remodeling might render (certain)
gene sites accessible for NR3C1. This would give an alternative explanation why certain
STAT5-target gene sites are only bound by NR3C1 in SUPT-1 cells that overexpress the
constitutively active mutant STAT5 molecule.

Our results warrant more detailed research in the mechanisms of STAT5 and NR3C1
cooperation in STAT5-induced and NR3C1/steroid-induced signaling. The complexity
of STATS regulated transcription is exemplified by the interaction of STAT5 with the
transcription factor TLX1 in T-ALL cases that harbor a NUP214-ABL1 fusion. Co-binding
of these transcription factors drive the expression of BCL2 and MYC in these leukemias
(51). STATS5 therefore seems to act as a versatile transcription factor that can interact
with various transcription factors to promote the transcription of STAT5-regulated
genes. In fact, TLX1 and STAT5 are predominantly found at the same enhancer sites in
NUP214-ABL1-positive leukemias, and BET protein inhibitors diminish the expression
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of BCL2 and MYC. Moreover, deacetylase inhibitors can also inhibit STAT5-mediated
transcription by relocating BET proteins (52). These and our data highlight the plasticity
of STATS as a transcription factor, and its ability to induce local or broad epigenetic
changes in leukemia.

In conclusion, we identified that NR3C1 can directly co-regulate the expression
of STATS target genes including BCL2 and BCLXL, without influencing the steroid
response. We demonstrated that STAT5-regulated expression of BCL2 and BCLXL can
be counterbalanced by the upregulation of the pro-apoptotic and steroid response gene
BIM. Therefore, in the absence of other BIM inactivating mechanisms by aberrant IL7
signaling, STAT5 activation itself is insufficient to provoke steroid resistance in T-ALL.
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Supplemental Table 1. Peak details of ChIP motif analysis of NR3C1 and STAT5 motifs signifi-
cantly enriched in NR3C1/STAT5 unique or overlapping peak sets.
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Supplemental Figure 1. Immunoblot analysis of wild type and mutant IL7R overexpressing cells
treated with prednisolone, ruxolitinib (1uM, JAK1/2-inhibitor), selumetinib (1uM, MEK-inhibitor)
and/or MK2206 (0,5uM AKT-inhibitor). Cells were treated with targeted inhibitors 30 minutes
before doxycycline-induction. Steroid exposed cells were treated with prednisolone (250ug/ml)
for 16 hours.
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Supplemental Figure 2. (A) Immunoblot analysis of CCRF-CEM cells co-cultured with IL7. Cells
were treated with targeted inhibitors (ruxolitinib (1uM, JAK1/2-inhibitor), selumetinib (1uM,
MEK-inhibitor) and/or MK2206 (0,5uM AKT-inhibitor)) 30 minutes before doxycycline-induc-
tion. Steroid exposed cells were treated with prednisolone (250ug/ml) for 16 hours. (B)
Corresponding expression of STAT5B target genes of these CCRF-CEM cells. (C) Steroid
sensitivity of CCRF-CEM cells in the absence or presence of targeted inhibitors. Steroid
sensitivity was determined by a 4-day MTT read-out. Representative data of biological
duplicate.
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intensity for BCL2 and BCLXL represented relative to -dox-pred condition. (B) Expression STAT5
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SD indicated.
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Supplemental Table 1. Peak details of NR3C1 and STAT5 ChIP.

Online link to Table S1: https://tinyurl.com/Chap6-SuppTablel-Jordy-vd-Zwet
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ABSTRACT

Aberrant PI3K-AKT pathway activation due to activating IL7R mutations or other genetic
aberrations is observed in over 40% of T-cell acute lymphoblastic leukemia (T-ALL)
patients and has been associated to steroid resistance in T-ALL patients. Here, we
demonstrate that overexpression of AKTYT induces severe resistance to prednisolone
treatment in SUPT-1 cells. Surprisingly, the activating AKTEY% mutant only slightly
impairs steroid sensitivity. We investigated the differences in the activation mechanisms
between AKTYT and AKTEYX, and observed that AKT®7% is predominantly located at the
inner side of the plasma membrane, while AKT"™ has a patchy localization throughout
the cell. Moreover, AKT®% is predominantly phosphorylated at T308 compared to S473
phosphorylation in contrast to AKTWT cells. This suggests that mutations in the plecktrin
homology (PH)-domain can drive an open AKT configuration and membrane binding
independent from the requirement for S473 phosphorylation. We did not observe
differences in the phosphorylation of downstream AKT substrates including GSK3A/B
and FOXO3A between AKTWT and AKTEYX cells. ATP-competitive AKT inhibitors enhanced
steroid-induced cell death in AKTYT and AKTEYK cells. As expected, AKT®7% seemed
less affected by allosteric inhibitors compared to AKT" cells, and these inhibitors
only synergized with steroid treatment in AKTWT cells. Combined, this study highlights
differences in AKTWT and AKT®* activation mechanisms and that this affects steroid
responsiveness in T-ALL.
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INTRODUCTION

Activation of the IL-7 receptor (IL7R) signaling pathway has been thoroughly studied
in the context of normal T-cell development and leukemogenesis. IL-7-induced
homodimerization of the IL7Ra and -yc chains activates downstream signaling pathways
that promote the differentiation and proliferation of early T cells (1). In T-cell acute
lymphoblastic leukemia (T-ALL), activating mutations in the IL7R signaling cascade
(in IL7Ra, JAK1, JAK3, STAT5B, N/K RAS and AKT) contribute to leukemogenesis by
aberrantly activating downstream JAK-STAT, MAPK-ERK and PI3K-AKT pathways (2, 3).
These mutations are associated with decreased event-free survival and most cause
steroid resistance (3). In addition, T-ALL blasts also increase steroid resistance in the
presence of interleukin-7 (IL-7) (4). As synthetic steroids are cornerstone drugs in upfront
ALL treatment regimens, and patients with poor steroid response have an inferior
outcome. Therefore, it is critical to understand how aberrant IL7R signaling interferes
with steroid sensitivity to develop adequate intervention strategies.

Ligand-induced IL7R signaling activates PI3K at the plasma membrane, which converts
phosphoinositide PIP2 into PIP3 to recruit AKT from the cytosol to the plasma
membrane (5, 6). At the plasma membrane, engagement and binding of PI3K-generated
phospholipids with the N-terminal PH-domain of AKT relieves AKT from its inactive and
closed conformation. The open and active AKT conformation allows phosphorylation of
AKT at T308 (pAKT3®) in the activation loop by PDK1 and at the C-terminal S473 residue
(pAKT*”®) by mTORC2 (7-9). Phospholipid-independent activation of AKT is effectuated
by C-terminal phosphorylation of S473 and/or S477/T479 sites (10, 11). Phosphorylated
S473 interacts with the linker of the PH-domain, subsequently relieving autoinhibition
of the PH-domain and exposing the activation loop to PDK1-dependent phosphorylation
of T308 (10). Activated and phosphorylated AKT further drives phosphorylation of
numerous AKT downstream substrates that results in their activation or inhibition
(10). AKT substrates that directly or indirectly affect cell growth or cell death include
Forkhead Box O (FOXO) transcription factors, CREB, IKK, BAD, GSK3 and mTORC1 (12-15).

Aberrant PI3K-AKT pathway activation is frequently observed in T-ALL due to activating
mutations in PI3K or AKT itself, or due to loss-of-function mutations of the phosphatase
PTEN that normally acts as a negative regulator of PI3K (2, 3, 16-19). Specific PI3K-AKT
activating aberrations are predominantly found in TAL1- or LMO2-rearranged patients
(18, 19), and PTEN inactivating events predict for inferior outcome (16, 18, 20, 21). High
PI3K-AKT pathway activity in T-ALL has been identified as a cause for steroid resistance
(3, 22, 23) and a few mechanisms have been suggested to effectuate PI3K-AKT-induced
steroid resistance, including the upregulation of anti-apoptotic MCL1 and BCL-XL (20,
24), phosphorylation of the transcription factor FOXO3a to subsequently inhibit the
transcription of pro-apoptotic BIM (25), or phosphorylation of the glucocorticoid
receptor (NR3C1) at S104 that impairs nuclear translocation of NR3C1 upon steroid
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binding and therefore impairs the activation of its downstream target genes (including
BIM) (26). As a result, PI3K-AKT signaling can influence the balance between pro-
apoptotic (e.g. BIM) and anti-apoptotic (e.g. MCL1, BCL-XL) Bcl-2 family proteins.

Transforming AKT®7% mutations are found in around 2-3% of pediatric T-ALL patients
(2, 16). The E17K mutation, located in the PH-domain of AKT, disables the auto-
inhibition of the PH-domain by abrogating the interaction between Glul7 and Lys14
(27). Consequently, AKTE7 can enhance the interaction with D5-phosphorylated
phosphoinositides to enhance its binding to the inner side of the cell membrane in NIH
3T3 cells (27). AKT#% behaves as a transforming mutation in IL3-dependent BaF3 cells
that facilitates ligand-independent growth in contrast to wild type AKT (AKTWT) (2).
However, overexpression of AKTYT but not AKT®’% was shown to confer strong steroid
resistance in steroid-sensitive SUPT-1 and P12 Ichikawa cells (2, 3). These seemingly
contradicting results point to important differences in downstream regulated pathways
or processes that are important for proliferation (by AKTEY¥) and steroid resistance (by
AKTYT). We therefore aimed to uncover mechanistic differences in AKT®¥% and AKTWT
induced signaling explanatory for differences in cell survival and steroid responsiveness.

MATERIALS AND METHODS

Generation cell lines and culturing conditions for SUPT-1 cells

Lentiviral transduction of SUPT-1 cell lines was performed as previously described (28).
Transduced cells were cultured in RPMI-1640 medium (Gibco) supplemented with 1x
Glutamax, 10% heat-inactivated fetal bovine serum (Gibco), 2% pencillin/streptomycin
(Gibco), 0,4% Fungizone (Gibco) and 1-2 ug/mL puromycin. Expression of the cloned
human cDNA insert was induced by doxycycline (0.5 pg/ml) for at least 16 hours, or as
indicated differently.

Cell toxicity screens SUPT-1 and PDX cells

SUPT-1 cell toxicity screens were performed by a 4-day methylthiazolyldiphenyl-
tetrazolium bromide (MTT, Sigma Aldrich) assay as previously described (chapter 3). For
dual compound screens, Bliss synergy was calculated with R package: ‘synergyfinder’
(29). Cytotoxicity screen of PDX samples was performed as previously described (3, 28).
PDX cells were cultured in RPMI-1640 medium (Gibco) supplemented with 1x Glutamax,
20% heat-inactivated fetal bovine serum (Gibco), 2% pencillin/streptomycin (Gibco) and
0,4% Fungizone (Gibco). Cell viability after four days was measured by ATPlite 1Step
(Perkin Elmer, Groningen, The Netherlands).

Immunoblot analysis and protein cell fractionation

Protein isolation and immunoblot analysis was performed as previously described
(chapter 3). Cytoplasmic and nuclear protein fractions were isolated using the Active
Motif Nuclear Complex Co-IP kit (Active Motif®) according to the manufacturer’s
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procedures. To the hypotonic and digestion buffers, additional HALT protease/
phosphatase inhibitor (1:200) (Thermo Fisher Scientific) was added. Antibodies used for
immunoblot analysis: AKT (CST, 9272S), pAKT-308 (CST, 9275S), pAKT-473 (CST, 92715),
GSK3 (CST, 5676P), pGSK3-S21/9 (CST, 9331S), MCL1 (Santa Cruz, sc-12756), BCL2 (Santa
Cruz, sc-130308), BCLXL (CST, 2764S), BIM (abcam, ab32158), B-actin (abcam, ab6276),
NR3C1 (Santa Cruz, sc-1003), pNR3C1-5134 (Millipore Q2668259), FOXO3a (CST, 12829S)
and pFOX03a (CST, 131295S).

Intracellular staining and flowcytometry

Doxycycline-induced cells were washed with Automax Pro Running buffer (MACS Buffer,
Miltenyi Biotec) and fixed in 2-4% formaldehyde/Phosphate-buffered Saline (PBS,
Thermo Fisher Scientific) for 10 minutes at 37°C, followed by 1 minute incubation on
ice. Subsequently, cells were centrifuged and permeabilized in cold (4°C) 90% methanol
for 30 minutes on ice. Afterwards, cells were subjected to primary antibody incubation
for 1 hour at room temperature (RT). After multiple washing steps, cells were incubated
with an IRDye fluorescently labelled secondary antibody (LI-COR®) for 30 minutes at
RT. Finally, cells were washed, and fluorescence was measured on the CytoFLEX S flow
cytometer (Beckman Coulter). Data was analyzed using FlowJo® software. Antibodies
used for flowcytometry: AKT (CST, 9272S), pAKT-308 (CST, 9275S), pAKT-473 (CST,
92715S).

Confocal imaging

Fixation and permeabilization of doxycycline-induced SUPT-1 cells were performed
as described above. Cells were stained for AKT (CST #9272) for 1 hour at RT. After
thorough washing, cells were stained with a fluorescent secondary antibody (AF 488)
for 1 hour in the dark at RT. Cells were again washed and resuspended in Automax Pro
Running buffer. Last, DAPI (1:500, Thermo Fisher Scientific, AF 358/461) was added to
the suspension. After a 10-minute incubation at RT, cells were directly plated on poly-
L-lysine (Sigma Aldrich) coated cover glass and imaged using the Leica Confocal SP8
Microscope. Images were analyzed using the Fiji imaging software.

Quantitative real-time reverse-transcription PCR (RTQ-PCR)

RNA isolation, cDNA synthesis and quantitative real-time reverse-transcription PCR
was performed as previously described (chapter 3). Primer sequences for GAPDH,
BIM, BCL2, MCL1 and BCLXL were previously described (chapter 3, and reference 3 in
this chapter). Other primer sequences: FasL forward 5’-CCACCCCCTGAAAAAA-3’, FasL
reverse 5'-GATCCTGGGGATACTTAGAGT-3’, TRAIL forward 5-TGCTCCTGCAGTCTCTCT-3’,
TRAIL reverse 5'-CAGGGGCTGTTCATACTCT-3’, p15 forward 5-GATCCCAACGGAGTCAA-3,
pl15reverse 5- AGGTACCCTGCAACGT-3’, p19 forward 5- GCTGCTGGAGGAGGTT-3’, p19
reverse 5- GCTGCGTCATGGACTG-3’, p21¢** forward 5’- CCGGCTGATCTTCTCC-3’, p21¢7*
reverse 5’- AAATGCCCAGCACTCTTA-3’, p274""* forward 5'-GCCTGGCCTCAGAAGA-3’ and
p27"" reverse 5'- AGAGGCAGATCATTTAAGAGTG-3'.
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RESULTS

The steroid-responsive AKTEY*mutation demonstrates enhances membrane local-
ization

We first validated previous observed findings in relation to steroid responsiveness
for T-ALL cells that express AKTEY® and AKTWT (3)). For this, we generated new
doxycycline-inducible BFP-tagged AKT"T and AKTEY* SUPT-1 cell lines. As non-induced
derivative SUPT-1 cells remained equally sensitive to steroid treatment compared to
parental SUPT-1 cells (data not shown), induction of AKTYT expression by addition
of doxycycline strongly raised steroid resistance (Figure 1a). In line with previous
observations (20),overexpression of AKT** only slightly raised steroid resistance (Figure
1b). To explore the underlying mechanisms of steroid resistance, we studied if AKT
overexpression would affect the steroid-induced upregulation of pro-apoptotic B/IM.
Treatment with prednisolone significantly induced BIM expression, independent of
overexpression of AKTYT or AKTEYX (Figure 1c-d). We also did not observe differences
in the transcriptional levels of anti-apoptotic BCL2, BCLXL and MCL1 genes among
doxycycline-induced AKTWT and AKTEY* SUPT-1 cells compared to non-induced cells
(Figure 1c-d). Therefore, we conclude that differences in steroid sensitivity between
AKTWT and AKTE7% SUPT-1 cells was not caused by an altered transcriptional response
of pro- and/or anti-apoptotic molecules.
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Figure 1. (A-B) Cell toxicity screening of doxycycline-induced AKT*" (A) and AKT**’% (B) SUPT-1 cell
lines (n=3). The non-induced counterparts are used as a negative control and represent the steroid
sensitivity of SUPT-1 cells. Cells were treated with prednisolone (range 0.00822 — 250 ug/ml) for
four days. (C-D). Relative expression of pro-apoptotic BIM, and anti-apoptotic BCL2, BCLXL and
MCL1 genes in AKT"" (C) and AKT®’% (D) cells. Expression was normalized to GAPDH expression.
The expression of non-induced cells that were not treated with prednisolone was used as baseline
(relative expression=1). RT-QPCR was performed on both doxycycline-induced and non-induced
samples that were treated overnight with prednisolone (250 ug/ml) (n=2).
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The E17K mutation impacts cellular localization and phospho-activation of AKT
Since the mutated AKT®% protein shows increased recruitment to the membrane in
NIH 3T3 cells (27), we hypothesized that the cellular localization of AKT is important
to induce steroid resistance. To study if the AKT®K mutation demonstrated enhanced
membranal localization in our T-ALL SUPT-1 model, we performed immunofluorescence
confocal imaging on AKTWT and AKT®7* overexpressing cell lines. Whereas overexpressed
AKTWT |ocalized throughout the cell, AKT®% was predominantly recruited to the inner
side of the outer cell membrane (Figure 2a). This was further investigated by studying
the expression of total AKT protein and phosphorylated AKT isoforms (T308 and S473)
using flowcytometry. Induction of AKTWT or AKTE7% was accompanied with enhanced
phosphorylation of both S473 and T308 (Figure 2b, pAKT*”® and pAKT3 for non-induced
cells are not shown). Interestingly, phosphorylation of kinase domain activation marker
T308 is more prominent than S473 phosphorylation for AKT®% cells than for AKTWT
(Figure 2b).
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Figure 2. (A) Confocal imaging of doxycycline-induced AKT"T (left) and AKTEX (right) SUPT-1 cells.
Intracellular staining for AKT is visualized in green, and DAPI (blue) staining was performed to
visualize the cell nucleus. (B) Flowcytometry of intracellular stained doxycycline-induced AKT"T
(left) and AKTE7% (right) SUPT-1 cells. Fluorescence of total AKT is illustrated in orange, phosphor-
ylation of S473 in red and phosphorylation of the T308 phospho-site in blue. The fluorescence of
non-doxycycline-induced cells stained for total-AKT was illustrated as negative control (grey). (C)
Immunoblot analysis of cytoplasmic and nuclear cell fractions of doxycycline-induced AKTYT (left)
and AKTE7% (right) SUPT-1 cells. The band intensities of pAKT>*”?> and pAKT™% were quantified, and
the ratio between pS473/pT308 was calculated.
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This was further confirmed by performing immunoblot analysis on cellular fractions
for AKTWT and AKTEY* expressing SUPT-1 cells (Figure 2c), which also demonstrated
that S473 phosphorylation was more prominent over T308 phosphorylation in AKTWT
cells. The S473/5308 phosphorylation ratios for AKTEY® and AKT"T cells were 3,3 versus
17, respectively. This suggested that these cell lines have different AKT activation
mechanisms that may be related to differences in cellular localization. The different
S473/5308 phosphorylation ratios did not alter the kinase activity of AKT as GSK3
phosphorylation levels of the AKT substrate was similar in AKTWT and AKT® cells. To
summarize, the transforming AKTEY® mutant molecule is preferentially localized at the
inner cell membrane, enriches T308 phosphorylation relative to S473 phosphorylation,
but is equally effective to phosphorylate downstream substrates such as GSK3 as AKTWT
cells.

NR3C1 and FOXO03a phosphorylation is similar between AKTWT and AKT®’¥ overex-
pressing cells

To study if AKTVT could selectively modulate the function of downstream substrates
that are involved in steroid-induced cell death compared to AKTEY%, we performed
immunoblot analysis on total cell lysates from AKTWT and AKT "% cells at several time
points following doxycycline-induction (Figure 3a). Again we observed that AKT®7K
has relatively abundant phosphorylation of T308, while AKTWTmolecules have relative
higher levels of S473 phosphorylation compared to T308 phosphorylation. We observed
no differences in the levels of phospho-MCL1, which can be phosphorylated by activated
PI3K-AKT signaling. Phosphorylation of NR3C1 by AKT at S134 results in enhanced
cytoplasmic retention and steroid resistance (26). However, we did not observe higher
S134 phosphorylation following induction in AKT"T cells compared to AKTEY* E17K
cells. This is in line with our observations that the expression of NR3C1 target gene
BIM remains unaffected upon steroid treatment in both lines (Figure 1c-d). We also
did not observe differences in the phosphorylation of FOX0O3a, and the expression of
various FOX03a regulated genes including p15, p19, p21“®, p27%*1, FasL and TRAIL
was similar for non-induced and induced AKT"™- and AKTEY*-expressing SUPT-1 cells
(Figure 3b). Therefore, we conclude that the difference in steroid sensitivity between
AKTWT and AKTEYX cells could not be explained by differences in phosphorylation levels
of pronounced AKT targets such as GSK3A/B, FOX03a, MCL1 and NR3C1 substrates.
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Figure 3. (A) Immunoblot analysis of time-dependent doxycycline-induced AKT"" (left) and AKTE7¢
(right) SUPT-1 cells. The protein abundancy and phosphorylation of downstream GSK3, NR3C1
and MCL1 substrates were illustrated. (B) Relative expression of FOXO3a target genes p15 and
p19 (n=1), p21°"1, p27¥°1, FasL and TRAIL (n=3/4) in AKT"T and AKTt”* SUPT-1 cells. The expression
of these genes was normalized and visualized relative to GAPDH expression.

AKT*7¥ is relative resistant to allosteric AKT-inhibitors

We then tested the capacity of allosteric and ATP-competitive AKT-inhibitors to abolish
the activity of AKTWT or AKT®X, In both cell lines, dose-dependent inhibition of GSK3
phosphorylation was observed upon treatment with the allosteric inhibitor MK2206
or the ATP-competitive inhibitor AZD5363/Capivasertib (Figure 4a-b). While higher
concentrations of MK2206 resulted in a gradual decrease in AKT phosphorylation at
T308, this was not observed for the ATP-competitive AZD5363 inhibitor. In contrast,
AZD5363 treatment even seems to enhance phosphorylation of T308 in AKT¥T cells.
Enhanced phosphorylation of the activating T308 phospho-site by AZD5363 treatment
has been previously reported, but does not affect kinase activity since downstream PI3K-
AKT signaling is effectively inhibited by AZD5363 despite enriched T308 phosphorylation
(30). We found that AKTEY* overexpressing cells were relatively resistant to MK2206
treatment, but remained equally sensitive to AZD5363 as AKT-induced cells (Figure 4c).
The open configuration of AKTE and its binding to the plasma membrane may result
in the decreased sensitivity towards allosteric AKT inhibition.
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Figure 4. (A) Immunoblot analysis of AKT"T and AKT*7 SUPT-1 cells treated with increasing
concentrations of the allosteric AKT-inhibitor MK2206 (left) or ATP-competitive AKT-inhibitor
AZD5363 (right). (B) Cell toxicity screening of doxycycline-induced AKT"™ and AKT#7% SUPT-1 cell
lines. Cells were treated with MK2206 (range 0.01-20 uM) or AZD5363 (range 0.01-80 uM) for four
days (n=3). (C) Dual cell toxicity screening of doxycycline-induced AKT"" (top) and AKTE* (bottom)
SUPT-1 cell lines between prednisolone and a fixed concentration of AKT-inhibitor (MK2206 or
AZD5363). Prednisolone treatment range: 0.00822 — 250 ug/ml. (D) Dual cell toxicity (matrix)
screening and Bliss Synergy score of doxycycline-induced AKTYT (top) and AKTE% (bottom) SUPT-1
cell lines. Six-point prednisolone treatment range: 0.00822 — 250 ug/ml. Four-point MK2206 or
AZD5363 range: 0.1-5uM.
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We then assessed whether these AKT-inhibitors could revert AKT-induced steroid
resistance. Whereas the ATP-competitive inhibitor AZD5363 improved the steroid-
sensitivities of both wild type and mutant AKT-induced cells, 1uM of the allosteric
inhibitor MK2206 only enhanced steroid-induced cell death in AKTV'- but not in AKTE%
SUPT-1 cells (Figure 4d). MK2206 strongly synergized with prednisolone treatment in
cytotoxicity assays using AKTWT cells but not for AKTEY% cells (Figure 4e). Therefore,
the AKT**® mutant isoform is less sensitive to allosteric AKT-inhibitors than AKTYT cells
while remaining equally sensitive to ATP-competitive AKT inhibitors. However, when
testing two allosteric- (MK2206 and ARQ092/Miransertib) and two ATP-competitive-
(Capivasertib and GDC0068/Ipatasertib) AKT-inhibitors on 44 T-ALL PDX samples,
allosteric inhibitors were superior based on IC, concentrations (Figure 5).
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Figure 5. Survival of 44 T-ALL PDX samples treated with a 4-log range of allosteric AKT-inhibitor
(MK2206, Miransertib) or ATP-competitive (AZD5363/Capivasertib, Ipatasertib) AKT-inhibitor
treatment. Cell viability is illustrated by IC, . Significance was calculated using the two-tailed
Wilcoxon test. P<0.01=** P<0.0001=****,

DISCUSSION

The PI3K-AKT pathway is frequently activated in T-ALL patient samples downstream of
ligand-receptor signaling or by activating mutations in the IL7R signaling pathway (3,
31). Furthermore, genetic aberrations affecting PTEN, PI3K or AKT also strongly activate
PI3K-AKT signaling in over 45% of T-ALL patients (2, 16). In this study, we demonstrate
that overexpression of AKTWT confers steroid resistance in otherwise steroid-sensitive
SUPT-1 cells. This is in line with previous observations that active PI3K-AKT signaling
can reduce steroid-induced cell death (22, 23, 32). We here demonstrate that PI3K-
AKT pathway activation by the activating AKT®’K mutation only slightly affects steroid
sensitivity in contrast to AKT. Interestingly, overexpression of AKTE7% but not AKTWT
can drive IL3-independent transformation of BaF3 cells (2). This points to differences
in downstream signaling for wild type and mutant AKT.
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AKT can be activated upon docking to PIP3 phospholipids in the plasma membrane,
which is mediated by multiple residues of the AKT pleckstrin homology (PH)-domain
including Lys14, Arg25, Tyr38, Arg48, Arg86, Thr21 and Arg23 (33, 34). This resultsin a
conformational change that relieves AKT from an inactive state, partially by abrogation
of the interaction between Lys14 and Glul7. However, Lys17 (AKT®7) also disrupts the
interaction with Lys14, thereby relieving the kinase from its auto-inhibitory and closed
conformation in the absence of phosphoinositides (27)(Figure 6). We demonstrate
AKTEYK cells are predominantly located at the inner side of the plasma membrane in
SUPT-1 cells, while AKT"Tis spread throughout the cells. It is reported that cytoplasmic
AKT can also interact with cytoplasmic endomembranes and therefore has the potential
to phosphorylate compartmentally localized downstream AKT substrates (35). We
therefore speculate that differences in cellular localization and subsequent activation
or inhibition of downstream substrates at specific cellular compartments are involved
in the difference in steroid responsiveness. More extensive, cellular department
differentiating, research is required to study this hypothesis.

AKTWT AKTEK

g
-
-
PHOSPHOLIPID
DEPENDENT
Q- @ 5473 INDEPENDENT

PHOSPHOLIPID
INDEPENDENT
(5473 DEPENDENT)

Figure 6. Schematic overview of AKTYT and AKT®’¥ activation mechanisms. Orange: AKT kinase
domain. Yellow: AKT PH-domain. White eclipses: unphosphorylated phospho-sites (T308 and
S5473). Purple eclipses: phosphorylated phospho-sites (T308 and S473). Purple intensity reflects
relative magnitude of phosphorylation.

In addition to phospholipid-dependent AKT activation, AKT can also be activated
by C-tail phosphorylation. Phosphorylation of the S473 residue seems vital in this
activation mechanism of AKT"T, as phospho-S473 can interact with the PH-domain
linker to potentiate phosphorylation of T308 in the activation loop by PDK1 (10,
11). Therefore, C-tail phosphorylation seems to precede T308 phosphorylation in
phospho-lipid independent AKT activation mechanisms. While AKTWT and AKT®¢ are
both phosphorylated at T308 and S473, we observed that AKT®¢ cells had relative
high levels of T308 phosphorylation compared to S473 phosphorylation. Considering
this predominant T308 phosphorylation in AKT®’ SUPT-1 cells, our data suggest
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that mutant-dependent disruption of the PH-kinase domain interface makes S473
phosphorylation dispensable for AKT activation (Figure 6).

Our study demonstrates that AKT®7% overexpressing cells do not provoke strong steroid
resistance in contrast to AKTW cells. However, we show that these differences in steroid
sensitivity could not be explained by big differences in the activation or abundancy of
downstream MCL1, NR3C1 and FOXO3a targets. However, other downstream substrates
might be differently regulated by mutant and wild type AKT, or their regulation is
selectively regulated in specific cellular compartments (i.e. only at the membrane,
liposomes or nucleus). Therefore, more extended, unbiased transcriptional and
proteomics approaches are required to identify transcriptional or signaling differences
between AKTWT and AKTEY% regulated signaling respectively.

Allosteric kinase inhibitors bind regulatory sites outside the ATP-binding pocket, and
therefore selectively keep AKT in an inactive, closed conformation (36). An intact PH-
kinase domain interface is essential for the binding of allosteric AKT-inhibitors to AKT,
since these inhibitors interact with the PH-domain to lock the kinase in an inactive
conformation (37-40). The allosteric AKT-inhibitor MK2206 seems promising for future
clinical trials, and a phase | trial for pediatric refractory malignancies has already been
completed (NCT01231919) (41). Importantly, MK2206 indeed interacts with multiple
residues located in the PH domain (40). These interactions seemed impeded by the PH-
open AKTEY* kinase conformation, since AKTEY* SUPT-1 cells decreased their sensitivity
towards MK2206 treatment. The K17 allosteric interface was also demonstrated to
hinder the binding of other allosteric AKT inhibitors (42). In our study, the decreased
sensitivity to MK2206 of AKT®¢ cells prevented potential synergy with steroid
treatment, while AZD5363 could further increase steroid sensitivity of AKTEYX cells.
However, as AKTE € cells are still responsive for steroid treatment, it seems unlikely that
glucocorticoid treatment will not lead to the selection of AKT®’K mutated cells during
leukemia treatment. Therefore, we reason that the presence of the AKT®7¢ mutation at
clonal or subclonal level has no clinical consequence, and should not impact the choice
for an allosteric or ATP-competitive inhibitor to treat PI3K-AKT activated leukemias.
Combined with our previous observations that MK2206 synergizes with prednisolone
in primary T-ALL patient blasts (3), we conclude that MK2206 serves as a promising
compound for future personalized basket-trials to treat PI3K-AKT activated leukemias.
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ABSTRACT

In the last decade, tremendous progress in curative treatment has been made for
T-ALL patients using high-intensive, risk-adapted multi-agent chemotherapy. Further
treatment intensification to improve the cure rate is not feasible as it will increase the
number of toxic deaths. Hence, about 20% of pediatric patients relapse and often die
due to acquired therapy resistance. Personalized medicine is of utmost importance to
further increase cure rates and is achieved by targeting specific initiation, maintenance
or resistance mechanisms of the disease. Genomic sequencing has revealed mutations
that characterize genetic subtypes of many cancers including T-ALL. However, leukemia
may have various activated pathways that are not accompanied by the presence of
mutations. Therefore, screening for mutations alone is not sufficient to identify all
molecular targets and leukemic dependencies for therapeutic inhibition. We review the
extent of the driving type A and the secondary type B genomic mutations in pediatric
T-ALL that may be targeted by specific inhibitors. Additionally, we review the need for
additional screening methods on the transcriptional and protein levels. An integrated
‘multi-omic’ screening will identify potential targets and biomarkers to establish
significant progress in future individualized treatment of T-ALL patients.

Keywords: T-cell acute lymphoblastic leukemia, genomics, transcriptomics, proteomics,
personalized medicine, interleukin-7 signaling
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T-ALL SUBTYPES AND DRIVING ONCOGENES

T-cell acute lymphoblastic leukemia (T-ALL) is the malignant expansion of immature,
arrested T-cells at various stages of thymocyte development. The European Group
for the Immunological Characterization of Leukemias (EGIL) distinguished three T-ALL
subtypes by virtue of their expression of Cluster of Differentation markers (CD-markers).
These subtypes were denoted as early, cortical and mature T-ALL (1). The outcome of
cortical T-ALL was found superior over the outcome of both other subtypes (2, 3).

The first T-ALL oncogenes were identified by resolving the translocations from T-cell
receptor (TCR) gene enhancers or promotors to other chromosomes as a consequence
of errors in VDJ recombination events. This led to the discovery of the TALI oncogene
for patients harboring the t(1;14)(p34;q11) translocation (4, 5), LYL1 in a patient with a
t(7;19)(q34;p13) translocation (6) and TLX1/HOX11 in patients bearing t(10;14)(q24;q11)
translocations (7-11). For TAL1, small deletions were identified in approximately 12-25%
of pediatric patients that result in repositioning of the TAL1 coding region behind the
STIL gene promoter (12-14). Whereas TAL1 abnormalities are predominantly associated
with late cortical development (15), TLXI-rearranged patients mostly resemble early
cortical thymocytes (16). Since these initial discoveries, extensive molecular and
cytogenetic analyses have resolved many additional oncogenic rearrangements in nearly
80 percent of the T-ALL patients (Table 1) (17-24).

The first genome-wide gene expression analysis that distinguished the T-ALL subtype
from other leukemic types was performed by the group of Eric Lander (25). Shortly after,
the gene signatures of immature, early and late cortical T-cell developmental stages
in T-ALL patient samples could be distinguished that were characterized by ectopic
expression levels of oncogenic transcription factors including LYL1, TLX1/HOX11 or TALI,
respectively (26). Whereas expression of TLX1 and TAL1 are driven by chromosomal
rearrangements, LYL1-positive T-ALL patients are devoid of LYL1 rearrangements.
Some early cortical T-ALL patients express the TLXI-related gene TLX3/HOX11L2 due
to a cryptic (5;14)(935;932) chromosomal translocation in approximately 25 percent of
pediatric T-ALL patients (26, 27). Later gene expression microarray studies distinguished
at least four T-ALL groups, i.e. the immature, TLX, proliferative and TALLMO subtypes
(28-30). Identification of additional oncogenes extended previous observations that
each subtype was characterized by specific oncogenic rearrangements that facilitate
specific blocks in T-cell development and drive T-ALL. Each genetic subtype is discussed
below.

Immature subtype (ETP-ALL)

Immature T-ALL patients are characterized by high expression levels of BCL2, LYL1,
LMO2, HHEX and MEF2C, reflecting activation of self-renewal genes that are also
expressed in hematopoietic stem cells (29, 31). This profile matched with the immature
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T-ALL entity that was identified based on its resemblance to normal early thymocyte
progenitor cells (ETP) (32-34). This subtype was accordingly denoted ETP-ALL. In-depth
molecular-cytogenetic analysis of immature/ETP-ALL patient samples revealed unique
rearrangements of the MEF2C transcription factor in some patients while others
contained ETV6-coupled fusions of the MEF2C co-factor NCOA2/TIFF (29, 35, 36).
Rearrangements that affect other MEF2C transcriptional regulators—including SPI1,
NKX2.5 and a RUNX1-AFF3 fusion product—have also been reported in ETP-ALL (Table
1) (29).

Since the introduction of next-generation sequencing, various additional fusions have
been identified in ETP-ALL patients affecting ETV6, KTM2A, RUNX1, ABL, MLLT10,
NUP214 and NUP98 (Table 1) (37-39). A Japanese study on 121 pediatric T-ALL cases
identified recurrent SPI1 (encoding PU.1) fusions including STMN1-SPI1 and TCF7-SPI1
fusions in ETP-ALL patients that highly expressed MEF2C, HHEX, FLT3 and cKIT (40).
In contrast to most other ETP-ALL patients (37), ETP-ALL cases bearing SPI1 fusion
products were characterized by recurrent activating NOTCHI mutations (40). Some
ETP-ALL patients bear rearrangements that result in the activation of various members
of the HOXA gene cluster (Table 1, HOXA act). Such HOXA-positive ETP-ALL patients
were related to high intrinsic chemo-resistance and very poor outcome in the French
GRAALL-2003 and -2005 studies (41, 42).

TLX subtype

Most patients that cluster in the TLX subtype are characterized by TLX3 rearrangements
(29). Whereas some patients express the yd TCR, other TLX patients have a more
immature phenotype that lack TCR surface expression suggesting that this disease
entity is associated with early y6 lineage of development (43, 44). The TLX cluster also
comprises patients with HOXA-activating events including SET-NUP214, PICALM-MLLT10
or MLL fusion products (29, 38).

TLX3 rearrangements mostly reposition the TLX3 oncogene from 5qg35 in close
proximity to the BCL11B enhancer at 14q32, thereby inactivating one functional allele
of the BCL11B haplo-insufficient tumor suppressor gene (27, 45). BCL11B is a critical
transcription factor that commits early developing thymocytes to the aff lineage of
T-cell development (46-48). TLX3-BCL11B rearrangements may therefore impair of8
differentiation potential and consequently drive differentiation towards the y6 lineage.
Some TLX patients also inactivate the second, non-rearranged BCL11B allele that may
further block ap lineage commitment potential (49-51). TLX3 itself may also switch
off the TCR ap lineage program. As a strong repressor (52), TLX3 represses the TRCA
enhancer in an ETS-dependent fashion thereby limiting TCRA recombination events
(53). As a significant number of TLX3-rearranged cases express cytoplasmic TCRB (44),
it cannot be ruled out that TLX3-BCL11B rearrangements may initially have occurred
in ap lineage cortical thymocytes that subsequently diverged towards the y6 lineage
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as a consequence of BCL11B insufficiency and/or TLX3 expression (54). Some early
studies reported an association of TLX3 rearrangements with poor outcome (16, 26,
55-58), but no such association has been reported for patients treated on contemporary
treatment protocols.

Proliferative subtype

T-ALL patients that express a proliferative gene signature are frequently characterized
by TLX1 or NKX2-1 translocations (29). Historically, TLX1 translocated patients have been
associated with superior outcome compared to patients from other T-ALL subtypes (16,
59-61). TLX1 translocation breakpoints mostly occur downstream of TLX1, coupling
the TCRB enhancer downstream of TLX1 in TCRB-translocated patients. However,
in TCRAD translocated patients the TLX1 genomic breaks are positioned upstream
and positions TLX1 behind promoters of TCRAD V-gene segments, possibly because
the TCRAD enhancer is repressed by TLX1 similar to the repressor function of TLX3
(53). Various patients of the proliferative cluster contain translocations or inversions
involving the NKX2-1 or the homologous NKX2-2 homeobox genes (29). In these patients,
ectopic NKX2-1/2-2 oncogene expression levels are driven as consequence of their
close proximities to TCRB or TCRAD enhancers (29). The presence of recurrent NKX2-1
aberrations in T-ALL has been confirmed in other studies (39, 62). Remarkably, most
TLX1-rearranged patients also express low levels of NKX2-1 in the absence of NKX2-1
rearrangements implying direct regulation of NKX2-1 by TLX1 (29).

TALLMO subtype

Patients with a TALLMO gene expression profile represent nearly half of all pediatric
T-ALL patients (26, 28, 29, 38). Just as in normal hematopoietic erythroid precursors,
TAL1 and TAL2 proteins form transcription complexes with E2A/HEB, RUNX1, GATA3,
and MYB co-factors that are bridged by LMO1 or LMO2 in these T-ALL cells (63, 64). In
addition to recurrent TALI translocations or SIL-TAL1 deletions that drive ectopic TAL1
expression, other TALLMO patients bear alternative TCRB or TCRAD rearrangements
that ectopically drive TAL2, LYL1, LMO1, LMO2 or LMO3 oncogenes (6, 26, 28, 29, 65-71).
Almost a quarter of all TALLMO patients harbor a combination of 2 different aberrations
that affect both members of TAL1 and LMO2 gene families. In addition, small insertion/
deletion (INDEL) mutations have recently been identified that create strong MYB binding
sites in or upstream of TAL1, LMO1 or LMO2 loci in nearly 6 percent of pediatric/young
adult T-ALL patients (38). Recruitment of MYB at these sites results in the assembly
of a TAL1 super-enhancer complex that strongly drives oncogene expression (72-75).
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Non-driver mutations in T-ALL

In addition to the driving oncogenes or oncogene fusion products that characterize
the four predominant T-ALL subtypes and that are denoted type A aberrations (76),
various other recurrent aberrations including point- or INDEL mutations, chromosomal
gains and losses have been described for T-ALL (19, 20, 23, 24). These aberrations are
not necessarily disease-initiating events as they mostly appear in leukemia subclones
(76). These mutations were accordingly denoted as type B mutations. These mutations
provide advantages for oncogenesis, disease progression, relapse, or induce therapy
resistance. Historic research and recent next-generation sequencing studies have now
revealed over 100 genes that are recurrently mutated, amplified or deleted in T-ALL
(Table 2) (37-39, 77-80). The majority of these genetic alterations impact on cell cycle
by inactivating cell cycle inhibitors or by loss of Rb (38), or ectopically activate signaling
pathways that are important for T-cell development including NOTCH1 (81-85), cytokine
signaling cascades (86-90) or their downstream pathways (91-95). Other mutations
frequently involve (in)activation of transcriptional regulators, epigenetic reprogramming
enzymes, components of ribosomes that affect protein translation, protein-modifying
enzymes, or genes that are involved in the chromatin architecture and DNA looping,
DNA repair or DNA synthesis. An overview of all mutations is listed in Table 2, along
with the cellular processes they affect and notable associations.

While type B mutations occur in all T-ALL subtypes, ETP-ALL patients typically harbor
the highest mutational load compared to the other subtypes (37, 78) and have been
associated with an inferior steroid response (96). ETP-ALL is distinguished from other
subtypes in the genetic landscape by the relative enrichment of specific type B events,
which includes activating mutations in the tyrosine kinase receptor gene FLT3, mutations
in the IL-7R (interleukin-7 receptor) signaling pathway (i.e. in IL7R, JAK1 and/or JAK3) or
recurrent 5g-deletions that affect the NR3C1 gene locus (37, 97, 98). In contrast, ETP-ALL
patients have a lower frequency of deletions affecting cell cycle regulators including
CDKN2A/B, CDKN1B or CDKN1C and have lower incidences of NOTCH1-activating
mutations (38, 40, 78). Although ETP-ALL was initially associated with extremely poor
outcome (32, 90, 99-104), treatment intensification in contemporary risk-adapted
treatment protocols has improved outcome for ETP-ALL patients and is now comparable
to the outcome of other T-ALL patients (33, 105-107). The only exception is the HOXA-
activated ETP-ALL group that still has a very poor outcome (41, 42). Other type B events
that cluster with specific T-ALL subtypes include strong NOTCH1-activating mutations
in TLX3-rearranged ALL, and activating PIK3R1 or PIK3CG events, PTEN-inactivating
mutations and inactivating USP7 mutations in TALLMO subtype patients (Table 2).
In contrast to NOTCH1-activating mutations, PTEN-inactivating events have been
associated with poor outcome in various studies (78, 92, 95, 108-111) but not in the
MRC UKALL2003 cohort (112).
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Mutations in genes encoding various IL-7R signaling molecules (i.e. IL7R, JAK1/3, STAT5B,
N/KRAS or AKT) have been found in nearly 35% of pediatric T-ALL patients and are
associated with inferior event free survival (37-40, 78, 80, 88, 89, 93, 113-121). These
pathway mutations are predominantly found in ETP-ALL and TLX subtypes and occur
in a near mutually exclusive manner (78, 113). Moreover, JAK-STAT and RAS/PTEN
alterations are often identified in chemorefractory patients, and identified in higher
frequencies at disease relapse. Similar to mutations affecting IL7R, these mutations
predict for very poor outcome of relapsed T-ALL (80, 122). One of the explanations
for this is that aberrant IL-7R signaling results in increased cellular resistance towards
steroid treatment (78).

COMBINED OMIC-BASED TARGETED THERAPIES: OPPORTUNITIES IN T-ALL

Contemporary multi-agent and risk-adapted protocols have boosted survival rates to
approximately 80 percent, with the number of toxic deaths now almost equaling the
number of patients that relapse (123). This proves that further treatment intensification
is not feasible and there is an urgent need for targeted compounds in individualized
treatment protocols for high-risk T-ALL patients. Given our profound understanding
of pathogenic drivers and mutations in T-ALL, various targeted compounds could be
implemented in the near future to improve outcome for refractory/relapsed T-ALL
and may allow implementation in first-line treatment for high-risk T-ALL patients in
the future.

Roughly 50% of all pediatric cancer patients present with a potentially druggable
genetic event, with aberrations in NOTCH-, mitogen-activated protein kinase (MAPK)-,
or receptor tyrosine kinase (RTK)-signaling and cell cycle control as potential targets
for future T-ALL treatment regimens (124). The question remains whether introduction
of single targeted compounds in current chemotherapy backbones will improve
treatment outcome. In adult metastasized carcinoma patients genomics-directed
treatment strategies only yielded minimal prognostic benefits (125-127). The effect of
single targeted compound treatment might be disappointing in T-ALL since many of the
targetable processes are the result of type B mutations that are frequently found at
subclonal levels (128). Targeted inhibition should therefore not be expected to eradicate
the complete leukemic burden. However, some subclonal mutations give rise to therapy
resistance and could therefore still serve as essential targets for therapy. In the case
of IL-7R pathway mutations, MEK and AKT are attractive targets for selective inhibitors
that synergize with steroid treatment (78). Moreover, mutated subclones may actually
reflect pathway dependency and/or drug sensitivity of the entire leukemic population.
Therefore, the effect of combined treatment could extend beyond the elimination of
mutated cells. For example, this has been implemented in the phasel/2 SeluDex trial
in which dexamethasone treatment is given in combination with the MEK-inhibitor
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Selumetinib for relapse or refractory RAS-mutant BCP-ALL (129) and is now open for
relapsed/refractory T-ALL patients as well.

The observed benefit of combining targeted treatment with standard chemotherapeutics
may extend beyond the treatment of patients that harbor specific (subclonal)
mutations. Loh et al. demonstrated that in two out of three high risk-ALL cases no
somatic mutations could be identified in tyrosine kinase-coding genes, despite their
gene expression profiles that point to active kinase signaling (130). This indicates that
patients with activated kinase signaling benefit from targeted therapy, especially those
who lack druggable genetic targets. To decipher the full pathogenic program and to
pinpoint novel biomarkers for both therapy and prognosis, an integrated approach that
combines data on the genomic, transcriptomic and proteomic level may be required to
identify additional druggable targets (131). This so-called ‘multi-omic’ approach could
reveal other tumor targets, and therefore provides an opportunity to increase the
detail and complexity of basket-trials for small numbers of patients or for individualized
patient treatment programs (132) (Figure 1). Refinement of treatment strategies, as a
direct consequence of this advanced screening approach, could consequently improve
outcome. Since for most hematological malignancies sufficient patient material can be
obtained at diagnosis, testing on these three levels indeed seems feasible for T-ALL.
In the next two paragraphs, we will highlight the current progress and application of
transcriptome sequencing and proteomics in ALL.

Integration of transcriptome sequencing

In the last few years, great technological advances in sequencing have been applied not
only to DNA analysis but to RNA as well. RNA-sequencing of the leukemia transcriptome
has a prominent role in the identification of novel splice variants and fusion transcripts
that drive or sustain tumorigenesis. As mentioned before, RNA-sequencing studies
have led to the discovery of various novel and cryptic fusion transcripts in T-ALL (39,
122, 133) and T-lymphoblastic lymphoma patients (134) that had not been identified
earlier by genome sequencing or molecular-cytogenetic tests. The Total XVII protocol
(NTC03117751) for the treatment of ALL at the St. Jude children’s hospital integrates
information from RNA sequencing with RT-PCR or FISH to detect potential druggable
fusions at diagnosis that are then used for therapy stratification. While the pipeline for
fusion detection from RNA-seq data will give results already at day 15 of the induction
therapy, additional whole-genome sequencing information is available only at later
stages of the treatment (135).
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Cancer cells rely on altered mechanisms of signal transduction that boost cell cycle
progression and proliferation (136). When pathological pathway activation is not
predicted by genomic aberrations, different approaches like transcriptome sequencing
will be required to identify the Achilles’ heel of the disease. Quantitative measurement
of pathway activity inferred from target gene mRNA levels have been developed for
various signaling pathways, e.g. the Oncosignal platform by Philips Healthcare, and
provides a molecular phenotype of the tumor (137-140). It generates an automated and
reliable quantitative readout of specific pathways that are highly activated in malignant
cells that can support the choice of relevant small-molecule inhibitors. Furthermore,
it can potentially predict therapy resistance due to the activation of compensatory/
escape mechanisms.

Integration of proteomics

An additional way to discover novel oncogenic dependencies or identify new biomarkers
is to analyze the cancer proteome. Mass spectrometry-based global proteomic analyses
have been pivotal in the identification of changes in protein expression as well as in
post-translational modifications, in particular phosphorylation (141, 142). These
changes at the phospho-protein level reflect altered signal transduction that cannot
be detected at the DNA or RNA level. Protein kinases are one of the major effectors
of signal transduction. Nevertheless, direct quantification of activity levels of kinases
has been challenging and requires a priori knowledge of the enzyme of interest. In
the past decade, an increasing interest in post-translational modifications and their
role in cancer led to development of workflows for the identification of alterations
in protein phosphorylation levels as functional readout for enzyme hyper-activity.
High-throughput phospho-proteome data can therefore provide direct information
on pathway signaling.

In 2013, Casado et al. demonstrated that kinase activity inferred from analysis of
global phospho-proteome data of different hematological cancer cell lines correlates
with differential drug responses (143). Phospho-proteomic analyses have also been
applied to the identification of putative therapy response biomarkers in ALL (reviewed
in (144, 145)). In T-ALL, the phospho-proteomic studies investigating signal transduction
have been limited to either a kinome microarray system—identifying differentially
phosphorylated peptides for pediatric B-ALL versus T-ALL samples (146)—or by using
Reverse-Phase Protein Array (RPPA) that identified hyper-activation of the mTOR/STAT3
and LCK/calcineurin axes in pediatric ETP-ALL (147). Based on the latter study, the
authors suggested LCK hyper-activity as possible resistance factor for steroid treatment
in T-ALL (148). Both kinome array and RPPA are valuable tools but can only detect
changes in a subset of pre-defined proteins and therefore do not allow for screening
of the entire (phospho)proteome. Unbiased mass spectrometry-based phospho-
proteomic studies dedicated to T-ALL are necessary to unravel specific pathological
signaling pathways and escape mechanisms. The identification and the degree of
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pathway activation with subsequent downstream effects will provide a rationale for
therapy stratification and will lead to the identification of novel disease specific- or
individualized biomarkers (149).

Functional screening into practice: IL-7R-signaling and steroid resistance

IL-7R pathway activation by interleukin-7 (IL-7) even in the absence of IL-7R pathway
mutations has also been shown to confer steroid resistance in T-ALL patients (96, 150).
This indicates that pathway activation (and subsequent drug responsiveness) can depend
on the availability of growth factors, and may provide an underlying mechanism for
increased therapy resistance for local, niche embedded leukemia cells. For patients that
present with this so called ‘IL-7 dependent steroid resistance’ (150), pathway inhibition
by combined MEK or AKT inhibition with steroid treatment to restore steroid sensitivity
may be equally effective as for patients that harbor IL-7R pathway mutations. Increase
in the phosphorylation of STAT5 or the activation of downstream STATS target genes
following IL-7 stimulation are important biomarkers to identify these patients for whom
integration of phospho-proteomics and transcriptomics at diagnosis is needed.

Both proteomic and transcriptomic analyses have identified novel treatment targets
or biomarkers that represent pathway activation downstream of the IL-7R before. For
example, phospho-proteomic profiling of JAK3 mutated leukemia cells—that signal
downstream of the IL-7R but do not impair steroid sensitivity in contrast to JAK1
mutations (78)—identified non-JAK-STAT druggable targets that were affected by mutant
JAK3 signaling (151). Combined pathway inhibition of these targets with Ruxolitinib or
Tofacitinib (JAK-inhibitors) worked synergistically in vitro and in vivo (151), indicating
that proteomic profiling serves as a powerful tool to improve personalized medicine.
Additionally, transcriptional and epigenetic research identified that the STAT5BN642H
mutation—which leads to strong STAT5B pathway activation—increases its binding at
regions that are also bound by epigenetic regulators such as EZH2 and SUZ12 (118, 119,
152). STAT5BNé#2" expressing T-cells showed a higher expression level and activity of
the EZH2 target gene Aurora kinase B (Aurkb), yielding sensitivity for treatment with a
specific Aurora Kinase B inhibitor (AT9283) (152). High PIM1 expression downstream of
STATS signaling has also been identified by transcriptional analysis, and PIM1 inhibition
was demonstrated effective in (IL-7 mediated) JAK-STAT activated leukemias (153-155).

The observations for JAK3 and STATS5 illustrate that pathway activation and dependency,
as measured by proteomic and transcriptomic approaches, predict sensitivity to
selective inhibitors and may improve outcome by optimization of personalized
medicine. Additionally, screening at multiple levels provides additional biomarkers
that can be used for targeted therapy regardless of signaling mutations. For example,
RNA sequencing could reveal significant PIM1 overexpression (in the absence of JAK or
STAT5B mutations as determined by genomic screening) and could therefore provide a
rationale for treatment with a selective PIM1-inhibitor for individual patients. As another
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example, phospho-proteomic results that point to activation of the AKT pathway in a
T-ALL patient vouches for combination treatment with an AKT-inhibitor. Thus, ‘multi-
omics’ screening approaches will excel the choice of targets to inhibit in personalized
medicine. It will help clinicians to individualize treatment and optimize basket-trials in
refractory/relapsed T-ALL patients. Moreover, a multi-omics functional screening with
subsequent therapeutic consequences at the start of treatment might prevent (early)
relapse, therefore significantly increasing the survival rate of T-ALL patients.

CONCLUDING REMARKS

Given our profound understanding of genomic aberrations in T-ALL, we can now
successfully identify oncogenic driving lesions in nearly 80% of T-ALL patients (Table
1). Additionally, patients frequently present with non-driver mutations at the subclonal
level for which some relate to inferior outcome or therapy resistance (Table 2). At
present, the majority of small-molecule inhibitors that could be applied in clinical trials
target these subclonal mutations and may offer therapeutic effect if the mutation in
the subclone is indicative for a vulnerability of the total leukemic population. Genomic
screening in T-ALL should therefore not only focus on driving events, but also on
identifying genetic aberrations for which a selective inhibitor combined with standard
chemotherapeutics drugs can lead to a maximal treatment response. Integration of
genomic sequencing, RNA sequencing and phospho-proteomics in a ‘multi-omics’
functional screening will uncover the complete Achilles” heel of the leukemia, allowing
great improvement of personalized medicine and eventually patient outcome as a result
of the precise use of targeted compounds (Figure 1).
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Table 1. Oncogene rearrangements in T-ALL.

Oncogene activation Enhancer/promoters Incidence (%) Associated subtype Ref

TAL1, TAL2, LYL1 TCRB (enh), TCRAD 27,<1,<1 TALLMO (4-6,12,13, 75,
(enh), STIL (promoter), 156-158)
TCF7**, Myb-Enh mut.

LMO1, LMO2, LMO3  TCRB (enh), TCRAD 5,12, <1 TALLMO (72, 73, 156, 159,
(enh), MBNL1, STAG2, 160)
Myb-Enh mut., 11913
deletion

TLX1 TCRB (enh), TCRAD 5 Proliferative (7-11)
(V-gene promoter),

DDX30**

NKX2-1, NKX2-2 TCRAD (enh), TCRB 5 Proliferative (29)
(enh)

TLX3 BCL11B (enh), TCRB 21 TLX (26, 27, 43, 161,
(enh), TCRAD (V-gene 162)
promoter), CAPSL

HOXA9/A10 TCRB (enh) <2 TLX/ ETP-ALL (28, 163-165)

MEF2C PITX2 <2 ETP-ALL (29)

SP1 BCL11B (enh) <1 ETP-ALL (29)

LMO2** BCL11B (enh) <1 ETP-ALL

NKX2.5 BCL11B(enh), TCRAD <1 ETP-ALL (29, 166, 167)
(enh)

LCK TCRB (enh) <1 unknown

MYB TCRB (enh), <2 unknown (168-170)
duplications

CCND2 TCRB (enh) <1 unknown (171)

Oncogenic fusions Partner gene Incidence Associated subtype Ref

PICALM (HOXA act.) MLLT10 3 TLX/ ETP-ALL (29, 172)

KTM2A (HOXA act.)  MLLT1, ENL, MLLT10, <2 TLX/ ETP-ALL (38,173)
MLLT4, MLLT6, CT45A4

SET (HOXA act.) NUP214 2 TLX/ ETP-ALL (29, 30, 174)

sPI1 STMN1, TCF7 <1 ETP-ALL (post-ETP) (40)

RUNX1 AFF3, EVX <1 ETP-ALL (29, 37)

ABL1 BCR, EML1, ZMIZ1, <1 ETP-ALL/*TALLMO (29, 38, 39, 175-
NUP214 (episomal), 185)
SLC9A3R1, ETVE,

MBNL1, ZBTB16*

ETV6 JAK2, NCOA2, INO8OD, <1 ETP-ALL (37,38)
ABL1, CTNNB1

MLLT10 (HOXA act.)  PICALM, XPO1, TLX/ ETP-ALL (29, 37-39, 186)
NAPIL1, DDX3X,

KTM2A, FAM17A1,
CAPS2, HNRNPH1

NUP214 ABL1 (episomal), SET, 6 ETP-ALL (37)
5QSTM1

NUP98 RAP1GDS1, CCDC28A, <2 ETP-ALL (38, 39)

LNP1, PSIP1, DDX10,
VRK1

*ABL1-ZBTB16 rearrangements found in 2 TALLMO patients; **unpublished unique rearrangement
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Table 2. Mutations in cellular pathways or processes in T-ALL.

Process/ Pathway Genes Associations Therapeutic Ref
compounds
Cell cycle CDKN2A/B, Low in ETP-ALL CDK4/6 inhibitors (28, 38-40, 78, 80, 92, 171)
CDKN1B,
CDKNIC, CCND3,
RB
NOTCH signaling NOTCH1, FBXW7 GPR, favorable NOTCH inhibitors (38-40, 78, 80-85, 186-190)
IL7R-JAK-STAT IL7Ra, JAKI, Steroid JAK, MEK or PIM1  (37-40, 78, 80, 88, 89, 113-
JAK3, PTPN2, resistance inhibitors 119, 150, 189, 191-194)
STAT5B
RAS-MEK-ERK N/K-RAS, NF1, Steroid MEK-inhibitors  (37-40, 78, 80, 93, 113, 114,
PTPN11, BRAF resistance 120)
PI3K-AKT PIK3R1, PIK3CA, Poor AKT or mTOR (38,40, 78,92, 113)
PIK3CD, AKT inhibitor
PTEN PTEN Poor, therapy PI3K, AKT or mTOR (38-40, 91, 92, 95, 108, 109,
failure, relapse inhibitors 111,112, 114,191, 195-197)
Receptors and ABL1, ALK, cKIT, X ABL-class tyrosine (37, 38, 40, 77, 78, 80, 86,
kinases FLT3, FAT1, kinase inhibitors 87,97, 198, 199)
ECT2L, SH2B3
Transcription RUNX1, ETV6, X BET inhibitors (29, 37-40, 49, 50, 52, 78,
factors BCL11B, WT1, 80, 168, 169, 200-203)

PHF6, TCF7,
LEF1, CTNNBI,
GATA3, IKZF1,

MYC, MYB,
CREBBP, MLLT10
Transcription co- EP300, MED12, X X (38-40, 78, 80, 204)
factors SMARCA4, ATRX,
CNOT1, CNOT3,
CNOT6
Polycomb EED, SUZ12, X X (37, 39, 40, 80, 200, 205)
complex EZH2, ASXL1
Epigenetic KDMG6A, X HDAC or (37-40, 77,78, 103, 198,
enzymes SETD2, KMT2A, methyltransferase 200)
KMT2D, KMT2C, inhibitors
DNMT3A, IDH1,
IDH2
Ribosomes RPL5, RPLO, X ABT-199 (38-40, 78, 204, 206-209)
RPL22, del6g
Protein stability USP7, USP9X X Bortezomib (38-40, 80, 200)
Chromatine CTCF X X (38-40, 80)
remodeling
DNA repair P53, P53BP1, X X (38-40, 78, 80, 93)
ATM, MSH2,
MSH6, PMS2
Adhesion DNM?2 X X (37-40, 78, 80, 198, 210,
211)
Steroid receptor NR3C1 X X (78, 98)
Therapy NT5C2 Only observed X (40, 80, 212)
resistance in relapse
Apoptosis BCL2 protein ETP-ALL ABT-199, ABT-737 (78, 213-216)

expression*

* No mutations for BCL2 have been reported
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Summary, general discussion
and future perspectives




T-cell acute lymphoblastic leukemia (T-ALL) is a rare hematologic malignancy which
yearly affects around 15-20 children in the Netherlands (SKION database). The malignant
expansion of leukemic blasts in the bone marrow severely oppresses the development
of healthy blood cells and is lethal when inadequately treated. Synthetic glucocorticoids
(i.e. dexamethasone and prednisolone) are cornerstone drugs in the treatment regimens
of pediatric ALL patients. The induction phase of the current Dutch Childhood Oncology
Group (DCOG) ALL-11 protocol starts with 7 days of systemic treatment with high-
dose prednisolone. Measuring the therapeutic effect of this first week of prednisolone
treatment and the minimal residue disease (MRD) at day 33 and 79 of treatment has
drastically improved risk-stratification and therefore the outcome of ALL patients
(1). However, the overall and event-free survival for T-ALL patients has only slightly
improved over the last two decades and is still inferior compared to B-cell precursor
(BCP-) ALL patients (2, 3). Still, 1 out of 5 pediatric T-ALL patients succumb to relapse
(2, 4, 5). Moreover, 34% of T-ALL patients are stratified to high-risk treatment arms
compared to 6% of BCP-ALL patients (DCOG ALL-10 protocol) (1). This indicates that
cellular mechanisms in malignant T-cells negatively impact early treatment response,
requiring more intensive treatment. Therefore, novel and personalized treatment
options are required to improve the outcome of this high-risk leukemia subtype.

Currently, over 40 novel targeted therapies have been tested in a clinical or pre-clinical
setting for ALL. We reviewed these novel therapies in chapter 2 of this thesis (6).
Leukemic cells may become dependent on the aberrant activation of specific receptors
or kinases, which generates a vulnerability that can be targeted with selective inhibitors.
Importantly, some targeted inhibitors do not induce cell death as monotherapy, but can
potentiate the anti-leukemic activity of contemporary chemotherapeutic compounds.
This is of specific interest in diseases where drug resistance is often observed, like
(relapsed) T-ALL. Moreover, these compounds may prevent the outgrowth of leukemic
(sub)clones that give rise to relapsed disease later in life. Therefore, it is important
to study the direct cytotoxic and cytostatic effects of novel compounds, but to also
study their potential to synergize with other targeted compounds or contemporary
chemotherapeutics that are currently used in ALL treatment regimens.

Resistance to steroid treatment is frequently observed in T-ALL and predicts for inferior
outcome (5, 7, 8). This thesis therefore focused on the identification of inhibitors that
could overcome steroid resistance and warrant a steroid-sensitive phenotype of
leukemic T-ALL blasts. Synthetic glucocorticoids effectuate steroid-induced cell death
via the activation of the glucocorticoid receptor (NR3C1). Activation of NR3C1 leads to
its cytoplasmic-to-nuclear translocation, where it functions as a transcription factor and
induces the transcription of genes that are vital for steroid-induced cell death. One of
these target genes is the pro-apoptotic Bcl2-family member BIM (9). Steroid-induced
activation of NR3C1 also induces the expression of IL7R. We studied the significance
of recurrent NR3C1 aberrations that are found in 7% of the T-ALL patients at disease
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diagnosis in chapter 3 (10). We observed that NR3C1 inactivating aberrations —including
deletions, missense and nonsense mutations — relate to steroid resistance at disease
diagnosis. However, in the REH cell line model which lacks a functional glucocorticoid
receptor, the majority of our identified NR3CI missense mutations remained functional
and induced robust steroid-induced cell death. Moreover, relative NR3C1 mRNA
expression in primary diagnostic T-ALL patient samples was not related to steroid
sensitivity. These somewhat contradicting results indicate that steroid responsiveness
at disease diagnosis is not solely defined by NR3C1, and that other aberrations may
be more dominant in determining steroid responsiveness. However, the presence of
NR3C1 mutations may still synergize with these other aberrations at disease diagnosis
and therefore contribute to steroid resistance.

In this thesis, we aimed to expose dominant mechanisms that drive steroid resistance
and could be targeted with specific inhibitors. We therefore shifted our interest to other
genetic aberrations that relate to steroid resistance. Recently, using whole-genome
sequencing and target-exome sequencing in a cohort of 146 pediatric T-ALL patients
(11), we found that mutations in the IL7R signaling pathway related to steroid resistance
and inferior event-free survival. These mutations are found in nearly 35% of T-ALL
patients, and include mutations of the IL-7 receptor (IL7R) alpha chain or downstream
signaling proteins, including JAK1, JAK3, STAT5, AKT and RAS. Moreover, IL-7 can also
provoke steroid resistance in T-ALL in the absence of these mutations (i.e. IL7-dependent
steroid resistance) (12, 13).

IL7R signaling is important in normal T-cell development, since activation of the
IL7R supports the survival of differentiating thymocytes at specific stages of T-cell
development (14, 15). The IL7R signaling cascade roughly consists of three downstream
signaling branches: the JAK-STAT pathway, the PI3K-AKT pathway and the MAPK-
ERK pathway. Physiological activation of the IL7R by IL-7 in healthy T-cells activates
downstream JAK-STAT and PI3K-AKT pathways. Moreover, IL-7 can also activate these
pathways in T-ALL blasts (12, 13, 16, 17). In contrast, activation of the MAPK-ERK
pathway by IL-7 in healthy T-cells and T-ALL patient blasts has not been reported before.

Thus far, STATS5 activation has been considered as the driving pathway for IL7-dependent
steroid resistance (12, 13). STATS is activated (phosphorylated) upon binding to the
activated IL7R (by IL-7), resulting in its homodimerization and migration to the nucleus
to induce the expression of various target genes including anti-apoptotic BCL2, BCLXL,
and PIM1 (18). Steroid treatment induces the expression of IL7R, which results in
enhanced activation of the STAT5 pathway in the presence of IL-7. As a result, the
expression of anti-apoptotic proteins via STATS is enhanced by steroid treatment,
resulting in steroid resistance (13, 19). Inhibition of JAK1/2 kinases by the small molecule
inhibitor ruxolitinib has been demonstrated to abolish STAT5 pathway activation, and
synergizes with dexamethasone in IL7-exposed CCRF-CEM cells and in-vivo T-ALL models
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(12, 13, 20). This synergy has mainly been attributed to the decreased expression of
anti-apoptotic BCL2 by ruxolitinib. However, we hypothesized that inhibition of other
signaling pathways downstream of IL7R/JAK such as the MAPK-ERK and the PI3K-
AKT pathways may contribute to the observed enhanced steroid cytotoxic effect by
ruxolitinib treatment. Therefore, we first studied the contribution of each of the IL7R
downstream pathways in relation to steroid resistance in T-ALL.

Thus far, activation of MAPK-ERK signaling has been poorly studied in the context of
aberrant IL7R signaling. Our group modeled various activating IL7R pathway mutations
(including. IL7Ra, JAK1 and RAS mutations) in steroid sensitive T-ALL SUPT-1 and P12
Ichikawa cell lines that resulted in high activation of the MAPK-ERK pathway and a
steroid-resistant phenotype (11). Interestingly, these mutations also belong to a small
set of mutations that predict for extreme poor outcome in relapsed T-ALL patients (21).
Activation of the MAPK-ERK pathway may therefore play a vital role in steroid resistance
and in the selective clonal selection of leukemic blasts during treatment. In chapter 4,
we observed that activating mutations in IL7R, JAK1 or NRAS, and activation of the IL7Ra
by IL-7 activates MAPK-ERK signaling drive a steroid resistant phenotype. We found that
activation of MAPK-ERK signaling resulted in the phosphorylation of pro-apoptotic BIM
that rendered BIM unable to effectively bind and neutralize anti-apoptotic Bcl2-family
member proteins including BCL2, BCLXL and MCL1. The balance between anti- and pro-
apoptotic Bcl-2 family members therefore seems vital for the steroid responsiveness
of leukemic blasts. MAPK-ERK pathway activation could effectively be abolished by
treatment with MEK-inhibitors selumetinib and trametinib that avoided phosphorylation
of BIM, and restored binding of BIM to anti-apoptotic proteins. Importantly, selumetinib
was highly synergistic with steroid treatment in steroid resistant T-ALL PDX samples
of which steroid resistance was dependent (‘IL7-dependent’) or independent (‘IL7-
independent’) on the presence of IL-7. In contrast, the JAK1/2 inhibitor ruxolitinib only
inhibited MAPK-ERK signaling if activation of this pathway was provoked by IL-7 or
by mutations in IL7R or JAK1 (that were denoted as ‘upstream mutations’), but not
by steroid resistance that was induced by downstream RAS mutations. Moreover,
ruxolitinib was only synergistic with prednisolone in IL7-dependent steroid resistant
PDX samples in the presence of IL-7, but not in IL7-independent steroid resistant PDX
samples. Therefore, our study highlights the broader application of MEK-inhibitors
over ruxolitinib to re-sensitize steroid-resistant T-ALL cells, and recommends MEK-
inhibitors over ruxolitinib for patients with activating IL7R, JAK1 and RAS mutations or
aberrant MAPK-ERK signaling in future basket-trials for T-ALL patients. These are import
recommendations for the current phase I/Il SeluDex trial (NCT03705507).

Chapter 4 concludes that preserving the function of pro-apoptotic BIM (i.e. by preventing
or abolishing inhibitory phosphorylation) is crucial for effective steroid-induced cell
death, suggesting that novel inhibitors that mimic the function of BIM (i.e. ‘BH3-
mimetics) seem promising in steroid-resistant T-ALL (22-25). In chapter 5, we therefore
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studied the use of BH3-mimetics in combination with steroid treatment and/or MEK-
inhibitors. When studying the interaction between pro- and anti-apoptotic molecules,
we observed that BH3-mimetics indeed mimic the function of BIM by effectively binding
and neutralizing the anti-apoptotic effects of BCL2, BCL-XL and MCL1 proteins. However,
preventing phosphorylation of BIM by MEK-inhibitors was more effective in inducing
cell death and restoring the apoptotic balance (as measured by BH3-profilling) than
BH3-mimetics. Venetoclax, a BCL2-directed BH3-mimetic, was synergistic with steroid
treatment in IL7-dependent steroid resistant T-ALL cells. Moreover, this compound
synergized with MEK-inhibitor selumetinib and allowed dose-reduction of both
compounds when administered as triple treatment with prednisolone. However, our
work indicated that preserving the function of pro-apoptotic BIM (by MEK-inhibitors)
seems more effective as therapy to restore a sensitive steroid response than inhibition
of anti-apoptotic molecules (by BH3-mimetics) in general. Further research is required
to study if combined MEK-inhibitor/BH3-mimetic therapy is more effective in BCL2
overexpressing (T-cell) leukemias specifically. This is relevant for novel basket-trials, as
venetoclax will be tested in combination with contemporary chemotherapeutics and
other targeted compounds in BCL2 overexpressing leukemias.

In chapter 6, we specifically studied the contribution of activated STATS5 signaling
to steroid resistance. Activation of STAT5 in SUPT-1 cells only slightly activated the
expression of anti-apoptotic BCL2 and BCLXL, despite being reported as STAT5 direct
target genes. In the presence of steroid treatment, the expression of BCL2 and BCLXL
was strongly enhanced (hyper-induction) in these cells. Ruxolitinib abolished this
hyper-induction of anti-apoptotic proteins and sensitized these cells for prednisolone
treatment. However, combined AKT- and MEK-inhibition also sensitized these cells to
steroid treatment, despite their controversial effect by even further enhancing the
expression of BCL2 and BCLXL in the presence of prednisolone. This suggested that
STATS5- and steroid dependent hyper-induction of anti-apoptotic molecules does not
drive steroid resistance per se. Indeed, overexpression of the activating STAT5N642H
mutation does not provoke steroid resistance in SUPT-1 cells, despite high expression
of anti-apoptotic BCL2 and BCLXL by steroid treatment. We therefore hypothesized
that the role of sole STAT5 pathway activation in steroid resistance is limited, and that
the hyper-induction of BCL2 and BCLXL proteins is neutralized by the upregulation
of steroid receptor target gene BIM following steroid exposure. In the case of BIM
inactivating events, like absence of a functional NR3C1 receptor, phosphorylation by
activated MAPK-ERK signaling (chapter 4) or transcriptional inhibition via AKT/FOX03a
(26), the upregulation of anti-apoptotic molecules is no longer counterbalanced by BIM
resulting in steroid resistance. Thus, the interplay between all three IL7R downstream
signaling pathways seems determinative for the steroid sensitivity of leukemic blasts.

In addition to studying novel treatment combinations for T-ALL patients, we also studied
the molecular mechanisms induced by aberrant IL7R signaling and steroid treatment. In

207



chapter 6, we identified a novel mechanism in which steroid treatment enhances the
transcription of canonical STATS target genes. Thus far, the steroid/STAT5-dependent
hyper-induction of BCL2 was demonstrated to be regulated via IL7R. Steroid treatment
also enhances the expression of IL7R (as it is a direct NR3C1 transcriptional target gene),
which enhances the abundancy of IL7R at the cell surface. In the presence of IL-7, this
results in enhanced STATS signaling and thus the expression of BCL2 (as a direct STATS
transcriptional target gene). However, we identified that NR3C1 and STATS interact at
regulatory STATS target gene sites in T-ALL, exposing an alternative and direct regulatory
mechanism in which steroid treatment can enhance the expression of ‘canonical’ STAT5
regulated genes.

In chapter 7, we specifically studied the mechanistic differences between physiological
and mutant AKT signaling. For this, we studied the transforming AKT®’ mutation,
which drives IL3-independent proliferation in IL3-dependent Ba/F3 cells while normal
AKT does not (27, 28). Interestingly, we observed that the AKT®7€ mutation does not
confer steroid resistance in contrast to wild type AKT. We demonstrated that AKTE7€
is predominantly localized at the inner cell membrane, while wild type AKT is located
throughout the cell. Moreover, relieving AKT from its inhibitory conformation by the
E17K mutation preempts C-tail phosphorylation of the kinase, resulting in an enhanced
T308/S473 ratio in AKTEY* versus AKTWT cells. This supports recent reports in which
the first step of AKT activation is accomplished by C-tail phosphorylation at S473 (29,
30). S473 phosphorylation seems indispensable if the PH-domain is already in an open
conformation, which is the case for the AKT®7% mutant molecule. Unfortunately, we
could not identify which downstream substrates were affected by the altered cellular
localization or activation mechanism of AKTEY%, Therefore, more research is required
to identify difference in downstream E17K versus wild type AKT signaling to understand
why AKTEYX cells do not provoke severe steroid resistance in T-ALL.

Chapter 4-7 uncovered important signaling mechanisms induced by aberrant IL7R
signaling, of which some contribute to steroid resistance. By selectively studying the
downstream branches of the IL7R signaling cascade individually, we carefully aimed to
uncover new treatment strategies for pediatric T-ALL patients. This thesis recommends
the use of MEK-inhibitors in future T-ALL treatment regimens. However, it may be
challenging to integrate our findings in current treatment regimens, given the low
prevalence of pediatric T-ALL and the relative beneficial outcome for pediatric ALL
patients in general. The use of novel inhibitors should therefore be personalized to
the biology of the leukemia. In chapter 8, we discussed our view on future diagnostic
screenings to personalize and optimize the treatment of T-ALL patients (31). Recently,
multiple genomic-directed treatment strategies for adults with metastasized carcinoma
have been developed and studied (32-34). By tumor sequencing, targeted inhibitors
were selected for individualized treatment. Unfortunately, these mutation-based
treatment stratification programs only yielded minimal prognostic benefits. It remains
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debatable to which extend sole genomic-based treatment strategies will improve
T-ALL treatment regimens, since many mutations in T-ALL are frequently identified at
a subclonal level and therefore may not represent a therapeutic target in all leukemia
cells (35). For example; in the context of a subclonal NRASS?®> mutation, genomics-based
treatment strategies may not identify this mutation as the driving and most preferred
aberration to target, while disregarding the fact that this mutation may facilitate clonal
selection by provoking steroid resistance. Consequently, MEK-inhibitors will not be
advised as therapeutic strategy, even if these cells have to potency to facilitate disease
relapse later in life. Moreover, some patients without classic MAPK-ERK activating
mutations might also benefit from MEK-inhibitor treatment. We therefore believe that
integration of genomics, transcriptomics and proteomics is crucial to fully understand
which signaling events are active and important for the leukemia, allowing the most
optimal personalized therapy recommendation.

In addition to the suggested multi-omic diagnostic screening, other functional screenings
or biomarkers may also optimize personalized therapy or serve as a risk-stratification
marker in the induction phase of therapy. As an example, increased mitochondrial
priming which measures the capacity of the leukemia cells to undergo apoptosis upon
treatment as measured using the BH3-profilling assay can predicts a superior clinical
response to conventional chemotherapeutic agents in ALL (36). Priming-increasing
agents, like BH3-mimetics, may therefore be used to treat leukemic blasts with low
priming states (i.e. apoptosis resistance cells). More research is required to study if
certain leukemic phenotypes — like high BCL2 expression or the T-ALL ETP-subtype
(characterized by high BCL2 expression) — associate with low mitochondrial apoptotic
priming, which would allow certain leukemic phenotypes to be used as biomarkers for
personalized treatment. Based on the results of this thesis, we recommend the use of
MEK-inhibitors in the treatment of T-ALL patients to maintain the pro-apoptotic function
of BIM to effectuate steroid-induced cell death. Ideally, MEK-inhibitor treatment will
be applied in the first week of systemic high-dose steroid treatment, to prevent the
selection of leukemic blasts that evade steroid-induced cell death by phosphorylation
of BIM. Unfortunately, we did not yet identify the phosphorylation site(s) of BIM that
apparently is/are essential for the interaction of BIM with anti-apoptotic molecules.
Further research is therefore required to identify the exact phosphorylation site(s),
to which a diagnostic antibody staining can be developed in the future to identify
potential steroid resistant patients that may benefit from combined MEK-inhibitor-
steroid treatment.

Currently, novel inhibitors are mainly studied in the context of relapsed disease. For
relapsed T-ALL, we suggest that basket trials should be constructed on a multi-omics
stratification model. This thesis suggests that patients with a MAPK-ERK activating
mutation (identified by genomic sequencing) —including IL7R, JAK1 and RAS mutations
—should be eligible for MEK-inhibitor treatment in combination with steroid treatment.
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Although not specifically studied in this thesis, BCL2 directed BH3-mimetics like
venetoclax could be considered for patients with high BCL2 expression (identified by
transcriptomic sequencing, or ETP-ALL patients). Last, patients with blasts displaying
high levels of MAPK-ERK pathway activation (or phosphorylation of BIM; identified by
proteomic screens or immunoblot analysis) should also be eligible for MEK-inhibitor
treatment. Sophisticated basket-trials will allow us to study the effect of novel inhibitors
in a controlled setting. Importantly, since relapsed T-ALL is usually extreme chemo-
resistant, promising results in relapsed T-ALL may even predict for bigger effects of
this inhibitor in the setting of first-line treatment regimens. Hopefully, these trials will
substantiate the potential use of combined MEK-inhibitor and steroid therapy in future
(first-like) treatment regimens, to ultimately improve the outcome of pediatric T-ALL
patients.
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NEDERLANDSE SAMENVATTING

De productie van bloedcellen (hematopoése) is een complex mechanisme wat zich
grotendeels afspeelt in het beenmerg. Onder invloed van lokale omgevingsfactoren
kunnen stamcellen zich ontwikkelen (differentiéren) naar rode bloedcellen, bloedplaatjes
of witte bloedcellen. Lymfocyten, een type gespecialiseerde witte bloedcellen, spelen
een cruciale rol in het verworven immuunsysteem. Tijdens de differentiatie van de
hematopoétische stamcel naar een volwassen lymfocyt kunnen (genetische) fouten in
de cel ontstaan. Normaliter worden foutieve, onvolledig gedifferentieerde (immature)
cellen door cellulaire verdedigingsmechanismen opgeruimd. Sommige foutieve cellen
worden echter niet opgeruimd en/of beschikken over een overlevingsvoordeel. Als
een immature foutieve lymfocyt de potentie krijgt tot ongecontroleerde groei, kan
leukemie ontstaan.

Leukemie is de meest voorkomende kanker bij kinderen in Nederland. Leukemie bij
kinderen ontstaat meestal door de kwaadaardige (maligne) expansie van immature
foutieve lymfocyten (acute lymfatische leukemie; ALL), en betreft in 85% van de
patiénten expansie van maligne B-lymfocyten (B-cel acute lymfatische leukemie; B-ALL)
en in 15% van de patiénten expansie van maligne T-lymfocyten (T-cel acute lymfatische
leukemie; T-ALL). Door de sterk verbeterde behandeling van kinderleukemie is de 5-jaars
overleving van acute lymfatische leukemie hoger dan 90%. Helaas is de prognose van
T-ALL minder goed dan de prognose van B-ALL en krijgt 1 op de 5 kinderen met T-ALL
een terugval (recidief). Bij een T-ALL recidief zijn de leukemiecellen vaak erg ongevoelig
voor chemotherapie (resistentie) en is de prognose daarom erg somber.

Als een hematopoétische stamcel in het beenmerg differentieert naar een voorloper
T-cel, migreert deze cel naar de thymus waar de cel door lokale omgevingssignalen
uit kan groeien tot een volwassen T-cel. Een belangrijke omgevingsstof in de thymus
is interleukine-7 (IL-7). Als de voorloper T-cel in contact komt met IL-7, bindt deze
interleukine aan de interleukine-7 receptor (IL7R) op het buitenmembraan van de T-cel.
Deze interactie activeert een specifieke signaalcascade in de T-cel, waarbij meerdere
eiwitten in de cel geactiveerd worden. Deze eiwitten reguleren op hun beurt de
expressie van genen in de celkern en stimuleren daarmee de overleving of groei van
de zich ontwikkelende T-cel.

In immature leukemiecellen (lymfoblasten) van kinderen met T-ALL worden in
bijna 35% van de patiénten mutaties gevonden in genen betrokken bij de IL7R
signaalcascade. Dit betreft zowel mutaties van de IL7R als mutaties in eiwitten die
normaal door de IL7R geactiveerd worden. Door deze mutaties heeft de lymfoblast
geen omgevingssignaal meer nodig om (een gedeelte) van de IL7R cascade te activeren,
met een overlevingsvoordeel als gevolg. Eerder toonde onze onderzoeksgroep aan
dat T-ALL cellen met een mutatie in het IL7R pad minder gevoelig zijn voor steroide
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behandeling. Aangezien behandeling met hoge dosis synthetische steroiden essentieel
is in de behandeling van kinderleukemie, beinvloeden deze ‘IL7R signaleringsmutaties’
chemo-gevoeligheid en daarmee de prognose. Het doel van dit proefschrift is om te
onderzoeken waarom mutaties in de IL7R signaleringscascade leukemiecellen resistent
maken voor synthetische steroiden, zoals prednisolon en dexamethason. Daarnaast
onderzochten we of nieuwe gerichte medicijnen IL7R-gedreven steroide resistentie
ongedaan kan maken of kan voorkomen.

Op dit moment worden meer dan 40 nieuwe therapieén en medicijnen onderzocht in
een klinische of preklinische setting voor leukemie. Hoofdstuk 2 geeft een overzicht
over al deze nieuwe therapieén. Sommige van deze medicijnen werken niet goed als
monotherapie, maar werken juist sterker als ze gecombineerd worden met andere
(chemo)therapie zoals synthetische steroiden. Als gezonde of maligne lymfocyten in
contact komen met steroiden zal de steroidereceptor (NR3C1) van de T-cel de expressie
van het gen BIM induceren. Het eiwit BIM reguleert de geprogrammeerde celdood
(apoptose) van een cel door te binden aan anti-apoptotische eiwitten (BCL2, BCL-XL
en MCL-1). Hiermee vangt BIM deze eiwitten weg bij de mitochondriéle membranen
van de cel. Bij een verhoogde expressie van BIM door steroide behandeling vangt het
pro-apoptotische eiwit BIM dus meer anti-apoptotische eiwitten weg, wat leidt tot
mitochondrieel geinduceerde celdood. In hoofdstuk 3 onderzochten we of mutaties in
de steroidereceptor NR3C1 invloed hebben op steroide gevoeligheid. We vonden een
relatie met genetische NR3C1 afwijkingen en steroide resistentie, waarbij meerdere
gemuteerde NR3C1 varianten de expressie van BIM nog wel goed kon induceren in
de aanwezigheid van prednisolon. Hoofdstuk 3 concludeert dat andere cellulaire
mechanismen mogelijk dominanter zijn om steroide gevoeligheid te reguleren.

In het vervolg van het onderzoek richten we ons op de drie individuele signaleringstakken
van de IL7R signaleringscascade: het JAK-STAT pad, het PI3K-AKT pad en het MAPK-ERK
pad. Deze paden worden aangezet bij activatie van de IL7R. Het MAPK-ERK pad is het
minst bestudeerde signaleringspad van de IL7R cascade. In hoofdstuk 4 vonden we
dat dit pad echter een cruciale rol speelt in steroide resistentie. Mutaties hoog in de
IL7R cascade (zoals JAK1 en IL7R mutaties) en RAS mutaties zorgen voor sterke MAPK-
ERK activatie. Geactiveerd ERK inactiveert pro-apoptosisch BIM middels fosforylatie
van BIM. We vonden dat gefosforyleerd BIM niet meer goed kon binden aan anti-
apoptotische eiwitten BCL2, BCL-XL en MCL-1, waardoor behandeling met steroiden
minder apoptose induceerde. Door BIM inactiviteit te identificeren als mechanisme
van steroide resistentie ten gevolge van activatie van het MAPK-ERK pad, toonden
we aan dat inhibitie van het MAPK-ERK pad door de MEK-inhibitor Selumetinib de
functie van BIM weer kon herstellen. Nog belangrijker: Selumetinib werkte versterkend
(synergistisch) in combinatie met synthetische steroiden om apoptose van T-ALL
cellen te bewerkstelligen. De JAK1-inhibitor Ruxolitinib kon de inactivatie van BIM ook
ongedaan maken, maar alleen indien het MAPK-ERK pad geactiveerd werd door IL7R
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of JAK1 activatie. Daarom werkte Ruxolitinib alleen synergistisch met prednisolon in
T-ALL cellen waarbij de steroide resistentie afhankelijk was van de aanwezigheid van IL7.

In hoofdstuk 5 onderzochten we de toepassing van ‘BH3-mimetics’, een nieuwe therapie
die de functie van BIM nabootst en dus selectief kan binden aan BCL2, BCL-XL en/of
MCL-1. De BH3-mimetic Venetoclax, die specifiek aan het anti-apoptotische eiwit BCL2
bindt, bleek ook synergistisch te werken met synthetische steroiden voor T-ALL cellen
met IL7-afhankelijke steroide resistentie. Synergie werd ook geobserveerd bij ‘triple
therapie’ met Venetoclax, prednisolon en Selumetinib. Echter vonden we dat inhibitie
van het MAPK-ERK pad, en daarmee behoud van de functie van pro-apoptotisch BIM,
effectiever leek dan inhibitie van anti-apoptotiche eiwitten. Meer studies zijn nodig om
te onderzoeken hoe BH3-mimetics effectief ingezet kunnen worden in de behandeling
van kinderleukemie.

In hoofdstuk 6 vonden we dat, in tegenstelling tot eerdere studies, de activatie van
het JAK-STAT pad op zichzelf niet voldoende is om steroide resistentie te induceren.
Activatie van dit pad leidt tot opregulering van anti-apoptotisch BCL2 en BCLXL, waarbij
de expressie van deze eiwitten zelfs hoger werd in de aanwezigheid van steroiden.
We toonden aan dat de opregulering van anti-apoptotische eiwitten geantagoneerd
werd door effectieve simultane opregulering van BIM. In de afwezigheid van BIM
inhiberende gebeurtenissen, zoals fosforylatie door MAPK-ERK activatie, lijkt JAK-STAT
pad activatie niet direct te leiden tot steroide resistentie. Daarnaast vonden we een
nieuw mechanisme waarin NR3C1 en STATS5 als transcriptiefactoren samenwerken om
zo de expressie van STATS gereguleerde genen te reguleren.

Het laatste pad van de IL7R signaleringscascade, het PI3K-AKT pad, werd bestudeerd
in hoofdstuk 7. Ondanks dat normale PI3K-AKT activatie leidt tot steroide resistentie,
zorgde de activerende AKT®7K mutatie niet voor steroide resistentie. Door de functionele
verschillen tussen normaal (wild-type) AKT en mutant AKT te bestuderen, vonden we
aanwijzingen dat de cellulaire lokalisatie en specifieke fosforylatie status van AKT de
steroide gevoeligheid van T-ALL cellen kan beinvioeden. Meer onderzoek is nodig om
te bestuderen hoe deze functionele verschillen exact leiden tot een verschil in steroide
gevoeligheid.

In hoofdstuk 4-7 vonden we verschillende mechanismen die de steroide
gevoeligheid kunnen beinvlioeden. Hoofdstuk 8 discussieert over hoe ‘diagnostische
screeningsmiddelen’ de behandeling van leukemie beter en gepersonaliseerd kunnen
maken. Door te screenen voor activatie van specifieke signaalpaden die betrokken
zijn bij chemo-resistentie, zoals MAPK-ERK pad activatie, kan een gepersonaliseerd
behandelingsadvies gegeven worden zoals het toevoegen van een MEK-inhibitor.
Screenen kan op drie niveaus: screenen naar belangrijke mutaties (genomics), screenen
op (in)activatie van eiwitten van specifieke signaalpaden (proteomics) en screenen
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van de transcriptie van genen betrokken bij celgroei of overleving (transcriptomics).
De integratie van deze ‘multi-omic’ screeningsmiddelen in combinatie met nieuwe
technieken, zoals BH3-profiling, kan de behandeling en daarmee prognose van
kinderleukemie verder verbeteren.

Concluderend toont deze thesis dat het MAPK-ERK signaal pad, als onderdeel van de IL7R
signaleringscascade, een essentiéle rol speelt in steroide resistentie in T-ALL. Inhibitie
van dit pad lijkt de behandeling en daarmee prognose van T-ALL te kunnen verbeteren.
Op basis van onze resultaten zouden MEK-inhibitors Selumetinib of Trametinib verkozen
moeten worden boven de JAK1-inhibitor Ruxolitinib. Deze resultaten ondersteunen de
inclusie van meer T-ALL patiénten in de SeluDex trial (NCT03705507) en ondersteunen
het gebruik van MEK-inhibitors in nieuwe basket-trials voor T-ALL patiénten met IL7R
signaleringsmutaties.
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